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THE NEW STYLE AND FORMAT 


This journal, together with others published by the American Institute of 
Physics, has adopted the new style and format in which this issue appears. 
It was chosen from several in a conference of all the Editors. 


The advantages of the new format are the following: 


Economy 

For a given amount of reading material, less paper is used and fewer press 
operations are required. The saving is considerable. 
Readability 


The short line is recommended by authorities as being more easily and 
quickly read. This is based on reading tests. In proofreading this issue, the 
editorial staff accomplished the task with much less time and effort than 
heretofore. 


Adaptability 


The larger two-column page permits adapting cuts, tables and formulas 
either to the three-inch or the six-inch width. There is less waste white space 


at the sides of such material. The page is thus more uniform in appearance as 
well as more economical. Large cuts and tables may now be displayed properly 
instead of having to be turned lengthwise on the page. 


< 


Convenience 


More material is presented on each page. Two open pages are the equivalent 
of three or more pages of the old format. Scientific reading requires frequent 
references to tables and figures. There will now be less necessity to turn pages 
in consequence. 


Bound Volumes 


Because of the more efficient use of paper, the bound volumes will be 
lighter. They will be slightly higher but not too high for ordinary shelving. 
They will be thinner and so require less shelf space. 
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THE REVIEW OF SCIENTIFIC INSTRUMENTS 
WITH PHYSICS AND VIEWS 


Beginning with this issue of The Physical Review every subscriber will 
receive, in addition to The Physical Review (and such other journals published 
by the American Institute of Physics as he may take), one subscription to 
The Review of Scientific Instruments with Physics News and Views, a journal 
mainly supported by advertising. This enlargement of the old Review of Scien- 
tific Instruments will appear once a month on a date between those of the two 
Physical Review issues. 


The section therein on Physics News and Views will be written so as to 
appeal to all groups of subscribers to journals of the Institute. It will start 
with an editorial section or ‘Physics Forum” and conclude with notes and 
news of physicists, their institutions and their societies. 


Following a general policy of concentrating in this one place those features 
of other Institute journals which have a broad general appeal, there have been 
transferred thence from the pages of The Physical Review: 


1. Most of the book reviews, and 


2. The “Current Literature of Physics” which consists of extracts from 
the tables of contents of some of our contemporaries. 


Readers will accordingly find these features hereafter in The Review of 
Scientific Instruments with Physics News and Views. 
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The Measurement of X-Ray Absorption Coefficients by the Use of the FP-54 Pliotron 


L. M. Hem anp J. E. Epwarps, Ohio University 
(Received November 4, 1932) 


The FP-54 pliotron has been used to measure the ioniza- 
tion currents produced in the determination of x-ray ab- 
sorption coefficients. When careful shielding was made and 
proper insulation provided it was found to be extremely 
stable in the measurement of currents of the order of mag- 
nitude 3X 10~-" amperes. The x-ray absorption coefficients 


of copper and aluminum were determined over a range 
from 0.25A to 0.6A. They were found to agree quite well 
with those obtained by other observers and led to a value of 
2.7, in the wave-length range 0.25A to 0.6A, for the con- 
stant » in the absorption equation, n/p = CN*"+<a/p. 





INTRODUCTION 


HE advent of the FP-54 Pliotron and the 
description of its characteristics as a de- 
tector of small currents': * immediately suggested 
its use for the measurement of ionization cur- 
rents, such as those produced in the measurement 
of x-ray absorption coefficients. This tube, pre- 
viously described by Metcalf and Thomson,’ has 
many features not found in the ordinary ampli- 
fying tubes which are designed for rapidly vary- 
ing currents. Since it is possible with very little 
difficulty to obtain a voltage sensitivity of 5000 
mm per volt this tube serves very well as a sub- 
stitute for an electrometer in these ionization ex- 
periments. 

With the single tube circuit as described by 
DuBridge! and with a shunting high resistance of 
10"! ohms, it is possible with only reasonable care 
to obtain a current sensitivity of 310°" am- 
peres per mm and with extreme care in shielding, 
temperature constancy, care of batteries, etc., to 
increase this sensitivity to 10-'® amperes per mm. 


1 DuBridge, Phys. Rev. 37, 392 (1931). 
2A. W. Hull, Physics 2, 409 (1932). 
3 Metcalf and Thomson, Phys. Rev. 36, 1489 (1930). 


As a result of this current sensitivity and rugged- 
ness of operation it was possible to determine 
absorption coefficients up to 0.7A with an ac- 
curacy of 0.5 percent. 


EXPERIMENTAL 


Fig. 1 indicates the general scheme of the ap- 
paratus. The principal parts of the apparatus 
were the x-ray tube, the spectrometer, the ioniza- 
tion chamber and the current measuring system. 


The x-ray tube 

The source of x-rays was a Coolidge universal 
tungsten target tube of 140 kv, 5 m.a. rating. It 
was immersed in an oil bath and supported by 
hard rubber insulators. The tube was self- 
rectifying, and the high voltage supplied to the 
tube was varied in steps from an auto-transformer 
with such a value that for a particular setting no 
second order spectrum could be produced. Stor- 
age batteries were used to maintain a constant 
current through the filament. 


The spectrometer 


The spectrometer consisted of an optical spec- 
trometer with slit systems of the Soller type re- 
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Fic. 1. General experimental arrangement. 


placing the collimator and telescope. Both the 
collimating slit system and the receiving slit sys- 
tem consisted of eight slits 0.56 mm thick by 1.6 
cm high by 13 cm long. With collimators of these 
dimensions, wave-length intervals of 0.02A may 
be investigated with assurance of homogeneity. 
Wave-lengths as low as 0.05A may be investi- 
gated without danger of running into the main 
beam. The various wave-lengths of the tungsten 
radiation were separated by reflection from the 
100 planes of a calcite crystal. 


a es rr ee ee ee ee 


The ionization chamber 

The ionization chamber was constructed from a 
brass cylinder approximately 5 cm in diameter 
and 44 cm long. The windows of the chamber 
were of cellophane and a single wire electrode 
was supported by fused quartz insulators. Ethyl 
bromide was used as the absorbing vapor in the 
chamber. 


The current measuring system 


Fig. 2 indicates the electrical circuit used in 
making the measurements. The ionization cham- 
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Fic. 2. A diagram of the electrical circuit. 
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ber, pliotron, high-resistance and B-batteries as 
indicated within the dotted line were all mounted 
on the arm of the spectrometer. This apparatus 
was shielded in front by a lead screen and then 
completely enclosed by an air-tight copper shield. 
Connections were made from the apparatus on 
the arm of the spectrometer to the remainder 
of the apparatus, which was also enclosed in a 
copper shielded control box, by means of a flexi- 
ble lead-covered cable. 

The control box was divided into two com- 
partments, one containing the batteries and the 
other containing an Aryton shunt, millivoltmeter 
and the various potentiometers and rheostats. 
Insulating extensions were placed on all control 
rheostats. The galvanometer, a type P with a 
sensitivity of 10-* amperes per mm, was shielded 
and connected to the control box by a lead-cov- 
ered cable. 

Since the pliotron tube and the high resistance 
were mounted within 10 cm of the ionization 
chamber on the arm of the spectrometer, it was 
possible to have excellent insulation. The high 
resistance R was sealed into a drying tube with 
sulphur insulation. 

The ionization currents were measured by the 
direct deflection method rather than the null 
method since the deflections were found to be 
directly proportional to the control grid voltage 
over the range of changes in control grid voltages 
produced in this work. The galvanometer deflec- 
tions on the average represented a change in the 
control grid voltage of about 50 millivolts or 
about 5X10-" amperes which were measured 
with an accuracy of 0.5 percent. 


Absorbing screens 


The absorbing screens of copper and aluminum 
were placed in front of the first collimator in 
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order to prevent scattered rays from entering 
ionization chamber. Varying thicknesses of each 
were tried in order to test the homogeneity of the 
beam for a setting corresponding to one wave- 
length. The copper and aluminum were of ex- 
treme purity containing no impurities that would 
produce an error of more than 0.5 percent in the 
determination. 


Method of procedure 


The ionization-current-measuring system was 
usually set into operation one-half hour before 
observations were started in order to insure 
constancy of operation. The peak voltage applied 
to the x-ray tube was adjusted so that no second 
order spectrum could be obtained for the particu- 
lar wave-length that was under observation. 
Three measurements were then made consecu- 
tively, (a) an observation of the galvanometer 
deflection without the absorbing screen in posi- 
tion, (b) the deflection with the absorbing screen 
in position and (c) the deflection without the 
screen in position. In any case where a difference 
occurred between the observations (a) and (c) 
that set of observations was discarded. 

From the above observations the absorption 
coefficient was determined by the equation 


= Iqe#4!e, 


(1) 


where J, is the intensity of the x-ray beam before 
passing through the absorbing material, J is the 
intensity of the beam after passing through the 
absorbing material, d is the thickness of the ab- 
sorbing screen, p is the density of the absorber 
and y/p is the mass absorption coefficient. 


RESULTS 
Table I gives the values of the absorption co- 
efficients found for copper and aluminum over the 


TABLE I. Mass absorption coefficients of aluminum and copper. 











u/p (aluminum) u/p (copper) 
Wave-length Author Allen Richtmyer Author Allen Richtmyer 

0.25A 0.369 0.382 0.370 2.83 2.77 2.77 

.264 .409 All 3.20 3.10 

.30 .546 545 532 4.53 4.5 4.5 

35 774 .786 .764 6.97 6.96 6.95 

.40 1.090 1.11 1.06 10.11 10.2 10.1 

448 1.460 1.46 13.55 13.8 

50 1.93 1.94 1.92 18.6 19.0 18.8 

545 2.39 2.48 23.1 25. 

.60 3.12 3.25 3.23 31.2 32.2 31.6 




















4 L. M. HEIL AND 
wave-length range 0.25A to 0.6A. The data of 
Allen‘ and Richtmyer’ are also listed for compari- 
son. The agreement between the authors’ results 
and those of Allen and Richtmyer is in general 
quite satisfactory. For the longer wave-lengths, 
however, the values found by the authors are 
slightly lower than those found by the other 
observers. 

The absorption coefficients were plotted log- 
arithmically against the wave-lengths in order to 
determine the constant of the empirical absorp- 
tion law, : 


u/o= CHA" +0/p, (2) 


where N is the atomic number, A the wave-length, 
u/p is the total mass absorption coefficient, o/p is 
the mass scattering coefficient, and C and m are 
constants. 

From this logarithm plot it was found that a 
value of 2.7 for m best fits Eq. (2) over the wave- 
length range 0.3 to 0.6A. Fig. 3 is the relation 
between the absorption coefficient and the 2.7 
power of the wave-length. The value of 2.7 for 
the constant m in Eq. (2) has also been found for 
copper in the region below the K limit by Allen‘ 
and Blackhurst.* For aluminum Allen found a 

4 Allen, Phys. Rev. 28, 907 (1926). 


5 Richtmyer, Phys. Rev. 18, 13 (1921). 
6 Blackhurst, Phil. Mag. 7, 353 (1929). 
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value of 2.92 for the constant » while Blackhurst 
found 2.9. The measurements of Blackhurst were 
made above 0.6A while those of the present de- 
termination were made below 0.6A. 
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Fic. 3. Relation between the absorption coefficient and \?7 
over the wave-length range, 0.25A to 0.6A. 








Interaction between Atoms with s-Electrons 


N. Rosen* AND S. IKEHARA, University of Michigan and Massachusetts Institute of Technology 
(Received October 15, 1932) 


The formulas for the interaction between two identical 
atoms with an outer s-electron of arbitrary quantum num- 
ber as developed by one of the writers (Rosen) in several 
earlier papers, are evaluated numerically. The results are 
presented in the form of graphs which show the shape of 
the Coulomb, exchange, and singlet energy curves for 


various values of the quantum number and how their 
minima vary with the latter. Curves from which the funda- 
mental molecular constants may be read are included. A 
table of calculated constants for hydrogen and the alkali- 
metal molecules is presented and comparison made with 
experimental values, fair agreement being obtained. 





HE Heitler and London! theory of homo- 
polar bonds between atoms in a molecule 
has the drawback that the calculations involved 
in determining the molecular constants from the 
given atomic constants become very difficult for 
all but the simplest cases. Nevertheless, it is 
desirable to have available the results of such 
calculations for as many cases as possible since 
they provide a basis—even if a rough one—for 
obtaining approximate solutions to more compli- 
cated problems. For this reason it was thought it 
worth the effort to determine the interaction 
energy between a pair of identical neutral atoms 
each having one outer electron in an s-state with 
arbitrary quantum number, this being the 
simplest generalization of the hydrogen problem 
discussed by Heitler and London. 

A method for carrying out this type of calcu- 
lation as well as the formulas required have 
already been given by one of the writers.” In the 
present paper these formulas are evaluated and 
numerical answers obtained. 

It is assumed that the wave function of the 
outer electron can be taken of the form u(a1) 
= Nr'y'e-7'a'"% where r.,; is the distance be- 
tween nucleus a and electron 1, Z is the “effective 
charge”’ of the field acting on the electron, m is 
the “effective quantum number,” N the nor- 
malizing factor and a,» the first Bohr radius. 


* National Research Fellow. 

1 Heitler and London, Zeits. f. Physik 44, 455 (1927). 

* Rosen, Phys. Rev. [2] 38, 255 and 2099 (1931), the 
latter paper containing an improved method of handling 
the exchange integrals. A detailed treatment of the prob- 
lem is to be found in M. I. T. Dissertation, 1932, by the 
same writer. 


on 


This wave function is discussed by Slater,’ who 
gives rules for determining Z and m for a given 
atom. Slater’s values of Z and » are primarily for 
use in atomic problems and it is possible that 
modifying them somewhat might give greater 
accuracy in molecular calculations than is obtain- 
able with the original values. But since there are 
not enough data available to indicate the proper 
direction of modification it is best at present to 
use the Z and m as recommended by Slater. 

From the usual theory,':? it is found that the 
first-order interaction energy for the 'D (stable) 
state of the two atoms with nuclei a and } at a 
distance R apart, and with outer electrons 1 and 
2, is given by: E=(E,+£,)/(1+J*), where the 
Coulomb energy 


E.=é f{.u(a1) PL (62) 
x[1/R-1 Ta—l ttl /ris |doidve, 


the exchange energy 


E.=é fu(a1)u(a2)u(b1)u(b2) 
«1 ‘R- 1/rae— 1/reit+ 1/riz |dvidve, 
and J= fu(al1)u(b1)dz. 


The calculations were carried out for integral 
values of m (n=1, 2, 3, 4, 5), the non-integral 
values leading to unmanageable calculations. 
The quantity through which R occurs in the 
calculation, p= ZR/nao, was assigned the values 
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 
7.0. Smooth curves were drawn through the 
computed points and in this way values for 
intermediate points were obtained. 


§ Slater, Phys. Rev. [2] 36, 57 (1930). 
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e=ZR/na, 
Fic. 1. Coulomb energy curves for various values of n. 


In Fig. 1 are given a set of curves for the 
Coulomb energy for various values of » plotted 
as the quantity E./Z against the variable 
p=ZR/nao. The variables used for plotting have 
been chosen so that the curves can be used for 
any Z and also so that they can be easily read. 
Fig. 2 shows a similar set of curves for the 
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Fic. 2. Exchange energy curves for various values of n. 





exchange energy plotted to the same scale. It is 
interesting to notice that the absolute value of the 
minimum of the exchange energy decreases much 
more rapidly with increasing m than that of the 
Coulomb energy. This is shown in Fig. 3 where 
nD./Z and nD,./Z are plotted against p, D, and 
D, being the absolute values of the minima of the 
Coulomb and exchange curves, respectively. 
Although for n= 1, D, is much larger than D,, the 
two curves approach each other as m increases, 
and on extrapolating the curves beyond n=5 
(the calculations become very lengthy for ”>5) 


one finds that they intersect at about p=5.3 
beyond which D,>D,. Fig. 3 does not claim high 
accuracy, but nevertheless it is sufficient to 
show that the procedure of some writers in 
neglecting the Coulomb interaction for heavy 
atoms is hardly justified. 

In Fig. 4 the function J? for various values of n 
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Fic. 3. Minima of Coulomb and exchange energy curves as 
functions of n. 


is plotted, this being needed for determining the 
energy of the stable '> state, E. The latter is 
given in Fig. 5. 

To study more closely the behavior of the 
energy curves in the neighborhood of the minima, 
use was made of the Morse‘ approximation to the 
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Fic. 4. Plot of J? against p for various values of n. 


4 Morse, Phys. Rev. [2] 34, 57 (1929). 
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Fic. 5. Interaction energy ('Z) curves for various values 
of n. 


energy function E= De~*(®—®0o)—2De-ak-Ro) | 
where D is the absolute value of the minimum of 
E which is located at Ro. By passing such a curve 
through the three lowest calculated points of an 
energy curve its minimum was determined with 






































A 
Zs 
3 
§ 
&2 
2 \ 
wy . —_ 

p/z ee 
feel 
Oo 4 20 CS 4 5 


Fic. 6. Minimum of energy curve as function of n. 


considerable accuracy. In Fig. 6 are plotted D/Z 
and nD/Z (the latter enabling the graph to be 
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Fic. 8. Fundamental vibration frequency as function of n. 


read for large m) as functions of n. Fig. 7 is a plot 
of the equilibrium distance in the form of 
ZR, as a function of n. 

From the Morse function and the expression 
for the fundamental vibration-frequency (in 
wave numbers) 


TABLE I. Calculated and observed values of D, Ro, and wo for hydrogen and the alkali metals. 











Quant. Effect. Effect. Diss. energy (v Eq. dist. (A) Fund. freq. (cm™) 

Element | “No. O.N. charge Cale. Obs. Cale. Obs. ja ”" te 

H 1 1.0 1. 3.14 4.42 0.87 0.76 3830 4262 

Li 2 2.0 1.3 1.11 1.14 2.28 2.67 402 349 

Na 3 3.0 2.2 0.81 0.76 2.83 3.08 170 158 

K 4 3.7 » 0.55 0.51 4.18 3.91 75 92 
Rb 5 4.0 2.2 0.48 4.82 41 
Cs 6 4.2 2.2 0.43 5.32 29 





























8 N. 
wo= (1/2mc)(P@E/dR*)p,/M }”, 


where M is the reduced mass of the system (in 
this case one-half the mass of an atom) and c the 
velocity of light, one can determine this funda- 
mental frequency as a function of the atomic 
constants. The quantity wo(A/Z*)'’, where A is 
the atomic weight of the element in question, 
depends only on m and this dependence is shown 
in Fig. 8, from which w» can be readily found for 
any particular case. 

The *> (repulsive) energy was not considered 
of sufficient importance to warrant plotting it. 
It can be readily obtained from Figs. 1, 2 and 4 by 
the relation E’= (E,.—E.)/(1—J*). 

Finally, Table I contains the calculated values 
of D, Ro and wo for hydrogen and the alkali 
metals’ as well as any available experimental 
values of these quantities. The calculated dis- 


5 Hydrogen was treated by Heitler and London (ref- 
erence one) and the calculation completed by Sugiura, 
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sociation energy is less than D by the zero-point 


energy 3hc. This correction is about } volt for 


hydrogen, but is negligible for the alkalis. 

It will be seen that there is fairly good agree- 
ment between the calculated and experimental 
values, especially in the case of the energies of 
the alkali molecules. In fact, if one considers 
the appropriate nature of the method used, the 
agreement is surprisingly good. 


Zeits. f. Physik 45, 484 (1927). A method of calculation 
similar to the present has been applied to the lithium 
molecule by Bartlett and Furry, Phys. Rev. [2] 38, 1615 
(1931). The present method has been applied to the sodium 
molecule in a rough calculation in the first paper of refer- 
ence two and exactly in the dissertation mentioned there, 
the results of the latter being included in the present paper. 
® Sources used: He, Witmer, Phys. Rev. [2] 28, 1223 
(1926); Birge, Nature 121, 134 (1928); Lis, Wurm, Zeits. f. 
Physik 59, 35 (1930); Loomis and Nusbaum, Phys. Rev. 
[2] 38, 1447 (1931); Naz, Loomis and Wood, Phys. Rev. [2] 
32, 223 (1928), Loomis and Nusbaum, Phys. Rev. [2] 40, 
380 (1932); Ko, Loomis, Phys. Rev. [2], 38, 2153 (1931), 
Loomis and Nusbaum, Phys. Rev. [2], 39, 89 (1932). 
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Barium Hydride Band Spectra in the Near Infrared 


WiLuiaM W. Watson, Sloane Physics Laboratory, Yale University 


A BaH band system with principal heads at 8924A and 
9017A degraded to the red is 22—>*Y with the same lower 
*Y as for the *I1I—*2 BaH bands in the visible red region. 
For the upper 22 state By =3.232, Dy = —1.323 10-4 and 
vo = —4.84. This very large spin doubling indicates inter- 


action with a near-lying lower “JI state which computation 
shows to be the probable upper state of another BaH band 
observed on the long wave-length side of 10,052A. The 
nature of the electron configurations in the several BaH 
states is discussed. 





ECENT analyses of the *II-*2 band system 

of BaH in the interval from 6925A to 
6380A discloses':? a perturbation in the *II34 
levels, thus indicating the existence of another 
lower-lying excited state and the possibility of 
other BaH band systems further into the red. 
Investigation of the photographic infrared region 
has yielded two new BaH band systems with 
principal heads at 8924A and 10,052A, both de- 
graded towards longer wave-lengths. 

The experimental arrangement for the produc- 
tion of these spectra was similar to that used in 
the earlier work.! The entire near infrared to 
about 10,400A was photographed first with a 
prism spectrograph, while using the new East- 
man Type B infrared sensitive plates. This pre- 
liminary exposure having displayed several band 
heads in this region, a lengthy exposure was at- 
tempted with a Type B plate in the first order of 
the 21-foot concave grating in a stigmatic mount- 
ing. Only a faint head at 9017A with a few ac- 
companying weak band lines to about 9150A, 
together with another faint band degraded to the 
red at 10,052A are visible on this spectrogram. 
An exposure of only about one-half this amount 
with an Eastman infrared sensitive plate A in the 
region of 9000A, however, produced a well- 
developed band system with strong heads at 
8924A and 9017A with lines registered out to 
9225A which is about the long wave-length limit 
of sensitivity of these plates. Wave-length meas- 
urements were made by comparison with second 
order Fe lines. 

Analysis shows this band system around 9000A 
to be the 0,0 and 1,1 bands of a ?=—>* transition 

1 W. R. Fredrickson and W. W. Watson, Phys. Rev. 39, 


753 (1932). 
2 A. Schaafsma, Zeits. f. Physik 74, 254 (1932). 


whose lower state is the same as the 25 state of 
the previously examined *II-*r band. The 
quantum assignments of the frequencies of the 
0,0 band are given in Table I, while Table II 
contains the combination differences from which 
the band constants may be computed. The de- 
velopment of the R-branches to higher rotational 


TABLE I. Assignment of frequencies for the 8924A *=—°> 
(0,0) band of BaH (d indicates a double line; cm units). 











J"+h iP, R, P, Rs 
1 11,056.97d 
2 060.44 
3 11,036.32 063.94 11,039.33 11,089.34 
4 026.70 067.12 034.37 097.10d 
5 016.92 070.24 029.23 104.954 
6 006.70 073.07 023.77 112.40 
7 10,996.54 075.65 018.25 119.60 
8 986.24 077.94 012.42 126.54 
9 975.34 080.02 006.44 133.20 
10 964.54 081.78 000.16 139.60 
11 953.35 083.44 10,993.64d 145.71 
12 942.18 084.68 987.08 151.54 
13 930.59 085.74d 980.18 157.12 
14 918.82 086.51d 973.03 162.34 
15 906.99 087.04d 965.68 167.31 
16 894.88 087.33d 958.15 171.99 
17 882.65 087.33d 950.43 176.33 
18 870.25 087.04d 942.42 180.40 
19 086.51d 934.25 184.15 
20 085.74d 925.78 187.50 
21 084.59 917.30 190.61 
22 083.23 908.34 193.35 
23 081.50 899.24 195.76 
24 079.44 890.05 197.85 
25 077.08 880.54 199.57 
26 074.60 870.99 200.94 
27 071.75 861.05 202.00 
28 068.51 850.80 202.634 
29 064.97 202.82d 
30 061.22 202.82d 
31 056.97d 202.63d 
32 052.56 202.33 
33 047.72 201.46 
34 042.81 200.26 
35 198.58 
36 11,049.45 = *Qz»,(1/2) 196.62 
37 194.40 
38 191.44 
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TABLE II. Combination differences for the 8924A *=—»*> BaH band. The A2F(K) values are the average of the second and third 
columns in each set, and are the AF values from which the constants are calculated. 








Lower state combinations 


Upper state combinations 





R(J—1) © Rx(J—1) 
J"+4 —Pi(J+1) —P2(J+1) K” A: F’'(K) J"+3 Ri(J)—Pi(J) RA(JI—-PAJ) K’ A2F’(K) 
2 20.65 1 20.65 2 1 
3 33.74 2 33.74 3 27.62 50.01 2 
4 47.02 60.11 3 47.02 4 40.42 62.73 3 45.22 
5 60.42 73.33 4 60.27 5 53.32 75.72 4 58.02 
6 73.70 86.70 5 73.52 6 66.37 88.63 5 71.05 
7 86.83 99.98 6 86.76 7 79.11 101.35 6 83.87 
8 100.31 113.16 7 100.14 8 91.70 114.12 7 96.52 
9 113.40 126.38 8 113.28 9 104.68 126.76 8 109.40 
10 126.67 139.56 9 126.52 10 117.24 139.44 9 122.00 
11 139.60 152.52 10 139.58 11 130.09 152.07 10 134.76 
12 152.85 165.53 11 152.68 12 142.50 164.46 11 147.28 
13 165.86 178.51 12 165.70 13 155.15 176.94 12 159.80 
14 178.75 191.44 13 178.63 14 167.69 189.31 13 172.32 
15 191.63 204.19 14 191.53 15 180.05 201.63 14 184.68 
16 204.39 216.88 15 204.29 16 192.45 213.84 15 197.04 
17 217.08 229.57 16 216.98 7 204.68 225.90 16 209.26 
18 242.08 18 216.79 237.98 17 221.35 
19 254.62 19 249.90 
20 266.85 20 261.72 
21 279.16 21 273.31 
22 291.37 22 285.01 
23 303.30 23 296.52 
24 315.22 24 307.80 
25 326.86 25 319.03 
26 338.52 26 329.95 
27 350.14 27 340.95 
28 351.83 








quantum numbers than the P-branches is due 
solely to the falling-off in sensitivity of the plate 
emulsion in the region of 9225A. Most striking is 
the record-breaking size of the doubling in the 
upper 22 state as evidenced by the large interval 
of more than 115 cm™ between the R,-branch 
and Rs-branch heads. The satellite %Q2:(1/2) 
line is definitely present separated from the 
main R(1/2) line by some 7.5 cm™, the doublet 
interval at K’=1. Other satellite branch lines 
cannot be detected either because of fusion with 
P-branch lines, since the doubling in the lower 
state is relatively small, or because of low inten- 
sity. The R-branch heads of the 1,1 band occur 
at 11,111.47 cm™ and 11,003.41 cm“. 
Comparison of the lower state combinations of 
Table II with those for the *II-?> BaH band 
given in reference 1, p. 758 shows that these two 
band systems have a common lower state. The 
method of calculation of the constants By and Dy 
of the rotational energy expression for each of 
the states, as well as the constants y giving the 
magnitude of the spin doubling, is identical with 
that used for the similar 22—?2 band of SrH at 


7020A.* The values of these constants are given 
in Table III. 


TABLE III. Constants from the quantum analysis of the 
8924A BaH band. (cm units.) 








Lower 2 state U pper *2 state 











By=3.404(r, = 2.22A) By =3.232 

Dy=—9.61 x 1075 Do=—1.323 K 107! 

yo= +0.186 yo= —4.84 
DISCUSSION 


The large size of the doubling constant y in 
the spin doubling relation Avy».(K)=y(K+1/2) 
applied to the upper *2 state indicates strong 
interaction with a near-lying “II state. Since the 
7 is negative, that state must lie below this 25 
state. Assuming that a relation of pure precession 
with /=1 holds between these two states of BaH, 
and that the coupling constant A for the II state 
is 640 (the same fraction of the A for the lowest 
3P level of the alkaline earth atom as prevails for 


3 W. W. Watson and W. R. Fredrickson, Phys. Rev. 39, 
765 (1932). 
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the corresponding CaH and SrH states), calcula- 
tion‘ indicates the interval »(II, =) between the 
two states to be about 1700 cm™. This would 
place the center of a *II-*2 band with the same 
lower 72 state at 9350 cm™ and the *II\3 origin of 
the same at 9670 cm~. Addition of another, say, 
50 cm~ should give the position of the R: head as 
9720 cm™ or 10,280A. The band head at 10,052A 
degrading to longer wave-lengths is undoubtedly 
this computed head, the discrepancy between cal- 
culated and observed positions being in fact bet- 
ter than holds for the analogous SrH levels where 
the constants of the *II state are accurately 
known. 

This upper ?> state and the indicated *II state 
lying about 9350 cm~! above the lower *> are 


4 Reference 1, Eq. (8). 





therefore to be interpreted as ---6po and ---6pr 
respectively, derived from Ba *P+H 2S. The 
previously reported *II state at 14,800 cm as 
well as the normal *2 state must then originate 
in Ba *D+H ?*S. Both the size of the coupling 
constant A for this *II level (462 as compared to 
832 for the *P level of the Ba atom) and its posi- 
tion above - - -6pz°II constitute evidence in favor 
of this assignment. The fact that the -- -5dz°II 
lies higher accounts for the relative smallness of 
the p and g constants! involved in its A doubling 
and of the y for the - - -5do?= normal state. These 
constants for these two BaH states probably also 
reflect some interaction with the only other pos- 
sible low-lying state - --5dé*A which may be in- 
volved in some rather complicated BaH bands in 
the green and yellow portions of the visible 
spectrum. 








The Structure of the Third Positive Group of CO Bands 


G. H. DtekE AND J. W. MaAucuty, The Johns Hopkins University 
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The third positive group of CO was photographed under 
high dispersion. The bands are *S—*II transitions. The *2- 
state shows many strong perturbations. The triplet sep- 
aration is very small. Of the 15 branches which must be 
expected under these conditions, 14 are found and traces 
of the fifteenth. Nine of these branches are strong and can 
be traced to K =55. The others are weak and present only 
for small values of the rotational quantum number K. The 
five edges which are characteristic for the bands of the 
third positive group are formed by the two O-branches and 


the three P-branches. The character of the A-doubling and 
the number of missing lines near the origin shows that the 
3]I state is a normal ‘II state. 

The values of the rotational constants are B’ =1.89 for 
the initial and B’’=1.686 cm for the final state from 
which follows that the values for the moments of inertia 
are /’=14.7-10- and F’ =14.43-10-°. Complete details 
are given for the 0-0 (2833), O—1 (2977), 0—2 (3134), 
and 0—3 (3305) bands. 





$1. INTRODUCTION 


HE band spectrum of the CO molecule 

belongs to the most often studied band 
spectra. A number of different band systems 
are known and their vibrational analysis satis- 
factorily completed. But the rotational analysis 
of only the Angstrom bands and some bands 
associated with them is known. For that reason 
the CO spectrum was photographed in this 
laboratory under high dispersion in order to 
obtain a rotational analysis of some additional 
band systems. The present paper contains the 
results on the structure of the third positive 
group of Deslandres. Work on other band 
systems is in progress. 

The third positive group was discovered by 
Deslandres' in discharge tubes which contain 
carbon and oxygen. That these bands are due 
to CO was established definitely by Johnson? 
who showed their connection with the Cameron 
bands. The Cameron bands in turn are absorbed 
by cold CO and are, therefore, undoubtedly due 
to this gas. 


1H. Deslandres, Ann. Chim. Phys. 15, 5 (1888); C.R. 
106, 842 (1888). Deslandres called “third positive group”’ 
all bands of CO in the ultraviolet not belonging to the 
fourth group or the second group (Angstrom bands). More 
recently it has become customary to separate two pro- 
gressions from it, the so-called 3A and 5B-bands and con- 
sider only the strong bands which form the 0—n” pro- 
gression as the third positive group. We are following this 
custom here. 

?R. C. Johnson, Nature 117, 376 (1926). 
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There have been several previous attempts at 
analyzing the third positive group. Wolter* 
photographed the band at 2977A under high 
dispersion. But it is not surprising that he did 
not get far with the analysis, as he did not 
have the modern theory of band spectra at his 
disposal, and it seems quite impossible to analyze 
such a complicated band system without it. 
Later Asundi* published a rotational analysis of 
the bands 2833 and 2977. He believed to have 
shown that the bands are ®*Y— II transitions. 
There were, however, some inconsistencies in 
Asundi’s analysis which made it very doubtful 
whether his results were right, and accordingly 
many observers did not accept them. The results 
of the present paper do not confirm Asundi’s 
analysis but give the bands as *Y— ‘II transitions. 
The general appearance of the bands had already 
induced Birge® and Mulliken® to assume the 
bands to be *Y—*II transitions. 


§2. EXPERIMENTAL PROCEDURE 


The CO bands are produced very easily in 
any discharge tube which contains carbon and 
oxygen. After some preliminary experiments it 
was found most convenient to use commercial 
CO, directly from a tank supplied by the Pure 
Carbonic Company of America. It was not 





3 P. Wolter, Zeits. f. Wiss. Phot. 9, 361 (1911). 
4R. K. Asundi, Proc. Roy. Soc. A124, 277 (1929). 
5 R. T. Birge, Phys. Rev. 28, 1172 (1926). 

6 R.S. Mulliken, Phys. Rev. 28, 481 (1926). 
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STRUCTURE 


necessary to use any device for purifying the 
gas, as no lines or bands of impurities could be 
detected. The gas was allowed to stream con- 
tinuously through a capillary into the discharge 
tube and was pumped out by means of an oil 
pump. 

The Pyrex discharge tube was of the ordinary 
type consisting of a horizontal tube about 50 cm 
long, with two side tubes which contained the 
aluminum or nickel electrodes. In order to 
obtain the maximum intensity, the cross section 
of the horizontal part of the tube had the form 
of a slit. This allowed one to make a more 
efficient use of the light coming out of the tube. 
The whole tube, except the quartz window, was 
immersed in running water, so that currents of 
1.6 amperes or more could be passed through 
the tube without damaging it. 

The electrical energy for the uncondensed 
discharge was supplied by a 13,200 volt, 15 kw 
transformer. By means of an auto-transformer 
the main transformer could be used for any 
voltage below its maximum. 

Except for the preliminary investigations, all 
plates were obtained with the 21 ft. concave 
grating spectrograph of the Johns Hopkins 
University.” The mounting of the grating is a 
Paschen mounting, and the temperature of the 
grating room is kept constant by a thermostat. 
In the first part of the investigation a grating 
with 20,000 lines per inch ruled by Anderson 
was used. It gave excellent definition when used 
under the most favorable conditions, but it had 
a slightly warped surface which made working 
with it rather tedious. However a number of 
good second order plates with a dispersion of 
about 0.97A per mm were obtained with this 
grating. 

It was replaced later by a new grating with 
30,000 lines per inch ruled by Professor Wood 
in April of this year. This grating proved to be 
excellent for our purpose and gave very good 
definition in the first and second orders. A 
number of second order plates obtained with it 
(dispersion 0.66A per mm) were also used for 
the measurements. 


7 We acknowledge gratefully a grant to one of us from 
the National Research Council and one from the Rumford 
Committee of the National Academy of Sciences which 
made the construction of the spectrograph possible. 
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The exposure times ranged from one hour to 
48 hours. As a rule good second order plates 
could be obtained with about a seven hour 
exposure. 

It was found that the appearance of the bands 
could be modified considerably by changing the 
pressure of the gas. The modifications can be 
easily understood, if one realizes that in the 
discharge tube with CO at a fairly high pressure 
the current heats the gas to a higher temperature 
and accordingly brings out the lines with a 
higher rotational quantum number. At pressures 
of about 2.5 em, so high that the full voltage 
of 13,200 volts is needed to maintain the dis- 
charge, the tails of the bands, especially 2977, 
show very characteristic triplets (see Fig. 2). 
These triplets which show immediately that the 
bands are triplet and cannot be quintet transi- 
tions cannot be brought out at lower pressures. 
An increase in the exposure time does not help, 
for then the general background comes out so 
strongly, that the triplets cannot be recognized. 


$3. GENERAL DESCRIPTION OF THE BANDs 


The following bands appear most strongly on 
the plates. They are given with their vibrational 
quantum numbers. 


2833 00 3305 03 
2977 0-1 3493 04 
3134 Q—2 


These five bands are investigated in detail in 
the present paper. Deslandres also gives a band 
at 3699A, the existence of which is denied by 
Wolter, nor does Asundi mention it. It is present 
on our plates though it is not nearly as con- 
spicuous as the other bands because of the fact 
that it is weaker than the other bands, and does 
not stand out well from the background which 
consists of a very large number of faint unre- 
solved lines. This background extends from about 
3500 toward longer wave-lengths. Its origin is 
not quite certain, but it is probably due to CO,. 
The band at 3699A is the 0-5 transition. We 
have not yet attempted to analyze it. 

On the short wave-length side of each of the 
main bands, there is a band which has under 
small dispersion the same appearance as one of 
the main bands. These bands which were also 








14 G. H. DIEKE 
found originally by Deslandres have the same 
set of final states as the main bands. Their 
initial state was originally believed to be the 
state with the vibrational quantum number 
V’=1 of the same electronic state as that which 
gives rise to the main bands. Asundi noticed, 
however, that these bands seem to have quite a 
different structure under high dispersion, and 
therefore he thought it necessary for them to 
have a different electronic state. He called the 
bands accordingly ““5B’’-bands, and this name 
has been used by most authors since. We shall 
retain it also in this paper, although it is almost 
certain that the bands are not quintet but 
triplet bands and we think it very probable that 
the original assumption that they form the 
V’=1 progression belonging to the main bands 
is correct. We hope to be able to demonstrate 
this conclusively when the rotational analysis of 
the 5B-bands which has been started has been 
finished. In the meantime the analysis of the 
main bands has already shown that Asundi’s 
argument for assigning a new electronic initial 
state to the 5B-bands, namely, that their appear- 


AND 


J. W. MAUCHLY 
ance is quite different from that of the main 
bands, does not necessarily prove anything. 

The general appearance of the bands of the 
third positive group is largely determined by the 
perturbations of the initial state. These per- 
turbations which are very large and numerous 
cause the characteristic intensity fluctuations 
which become at once apparent even under 
moderate dispersion, and which were already 
noticed by Wolter. In the zero vibrational state 
the first big perturbation occurs for about K= 19. 
This means that the immediate neighborhood of 
the heads is not affected and, therefore, presents 
a normal appearance. Only farther towards the 
tail the perturbations cause a massing together 
of lines in some places and gaps in other places. 
It is very likely that rotational levels with 
smaller values of K will be perturbed for the 
next higher vibrational level. That may com- 
pletely disarrange the region of the heads and 
may give an entirely different appearance to the 
bands which have this vibrational level as initial 
level. Of course, only the complete rotational 
analysis of these bands can settle this point. 
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Fic, 1. Portion near the head of the 03 band at 3305A. The figure shows the arrangement of the branches 
for low quantum numbers. 
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Fic. 2. The tail of the 2977 (01) band. The figure shows clearly the triplets which are characteristic for high rota- 
tional quantum numbers. It also can be seen easily that successive triplets do not follow each other in regular 


intervals, but that there are perturbations. 








STRUCTURE OF CO 


Under small dispersion the bands of the third 
positive group show five heads. More or less 
regular series of rotational lines can be seen in 
the vicinity of these heads. These series can, 
however, only be followed for a short distance 
into the bands, as the perturbations destroy the 
regularity completely. In the middle of the band 
there is no apparent regularity at all. Also the 
fact that the 5B-bands are mixed up with the 
main bands in this region complicates matters 
still further. On plates taken with a relatively 
high pressure in the discharge tube the tails of 
the bands show very characteristic triplets. 
These come out especially well in the 2977 band 
as the 5B-band at 2930 is comparatively weak, 
and therefore does not obstruct the structure 
of the main band. (See Fig. 2.) In front of the 
heads a few faint lines are visible which form a 
very weak series. Further on it will be shown 
that these lines are due to KK +3. transitions. 


Ill ee HN WAL 
0 rau) 0 10 
WINE WP UD TEE TE Ed 
AD 50 


Fic. 3. The Q»-branch of \2977 (0-1) drawn to scale. The 
figure shows the perturbations. 





J 





Whether these are the lines which Asundi 
observed in front of the head cannot be made 
out with certainty. The lines mentioned above 
never come to a head on our plates. Sometimes 
other lines of unknown origin are found which 
may be due to impurities. 


$4. ANALYSIS OF THE BANDS 


The bands of the third positive group have a 
very complex structure. It has been mentioned 
already that the complete absence of any 
apparent regularities in the middle of the bands 
is largely due to the perturbations of the initial 
state. But even in the neighborhood of the heads 
the structure is far from simple, as there is a 
large number of branches, most of which do not 
follow Deslandres’ law very closely. In the 
present paper mainly the empirical aspects of 
the structure will be discussed. A more theo- 
retical discussion of some of the properties of 
the terms will follow in another paper. 

As the analysis shows that the bands are due 
to *S— II transitions, it is best to start with a 
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brief statement of the properties of such transi- 
tions.* At the same time the meaning of the 
symbols used will become clear. The nomen- 
clature is the one generally adopted. 

The quantities which are important for a 
discussion of the term properties are mainly: 
The resultant electronic spin S (S=1 for triplet 
terms); its component > along the internuclear 
axis; the component A of the total orbital angular 
momentum L along the internuclear axis (A=0 
for =-terms; 1 for II-terms, 2 for A-terms; etc.). 
Q=A+. J is the total angular momentum of 
the molecule, and K is the angular momentum 
due to the rotation of the nuclei. 

For the *> terms A=0, and therefore there 
can be no interaction between S and A which 
usually gives rise to a big triplet separation. 
However, S will be slightly coupled to the 
rotational axis which has the result that the terms 
with J=K+1, J=K, and J=K—1 will have 
slightly different magnitudes. A detailed discus- 
sion of the properties of *= terms has been given 
by Kramers.? But we do not need to consider 
the exact theoretical structure here, as the triplet 
separation, which is small in general, is negligible 
for the initial state of the third positive group, 
at least for small values of K. 


For all terms with A#0, the properties of the 
rotational levels depend very largely on whether 
the spin S is coupled to the internuclear axis 
(case a) or to the rotational axis (case ). 

For case a the projection ~ of S on the 
internuclear axis can have the three values —1, 
0 and +1 for triplet terms, and therefore for a 
311 term there will be for small rotations three 
different components with Q=0, 1, 2. With 
increasing rotation each of the three components 
is split up into a doublet (A-doubling). The 
character of the doubling is different for the 
three components. Hill and Van Vleck’ found 
that (1) if Q=0, there is an appreciable A- 
doubling also for very small values of J. The 
A-doubling does not vary much with J. (2) if 


’ A fuller account of the general theory of complex bands 
can be found, e.g., R. S. Mulliken, Rev. Mod. Phys. 2, 
60 (1930); 3, 89 (1931). 

*H. A. Kramers, Zeits. f. Physik 53, 422, 429 (1929). 

~E. L. Hill and J. H. Van Vleck, Phys. Rev. 32, 261 
(1928). 
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Q2=1, the A-doubling is proportional to J(J+1) 
(3) if Q=2, the A-doubling is very small and 
increases proportional to J?(J+1)?. 

A spin multiplet can be either normal or 
inverted. It is called normal, if the term with the 
smallest value of 2 has the lowest energy. 


If we go to the other extreme (case b) in 
which the spin is completely coupled to the 
rotational axis, = and @ have no physical 
meaning. We can then characterize the rotational 
levels by J and the angular momentum K of 
the nuclear rotation. The rotational energy is 
in first approximation equal to BK(K-+1). 
Mainly because an influence of the spin coupling 
to the internuclear axis still remains every 
rotational term with a given K is split up into 
a triplet, the components of which are character- 
ized by J=K+1, J=K, J=K-—1. It is cus- 
tomary to indicate the three triplet components 
of a given term F by indices 1, 2, 3 so that F, 
has J=K+1, F, : J=K and F; : J=>K-1. 

Usually the observed terms are neither exactly 
case a nor exactly case } but are in a transition 
case between case a and case b. That is also 
the case for the final terms of the third positive 
group. The rotational energy levels do not 
follow a simple formula then. For small values 
of J the terms are closer to case a; for large 
values, closer to case b. To label the terms it is, 
of course, advisable to use a uniform notation 
for all values of J. In our case it is most con- 
venient to use the notation of case } throughout. 
Therefore throughout this paper *II,; means 
that triplet component for which J= K+1, *Il, 
that for which J=K, and “Il; that for which 
J=K-—1." The values of K (not those of J) are 
used to number the rotational levels. 


4 Usually the value of Q is designated by the subscript. 
But as we employ the notation of case b, 2 would have no 
physical meaning. 

11a Note added in proof: In order to make sure, whether 
irregularities which occur now and then in the estimated 
intensities are real or only produced by errors in judging 
due to the fact that the lines lie far apart in a very crowded 
region, microphotometer records were made of several 
plates. We are very grateful to Mr. A. L. Loomis for the 
opportunity to use in his Tuxedo Laboratory a micro- 
photometer constructed by him. The microphotometer 
records confirmed the statement made in the text that 
some of the lines show anomalous intensities. Details about 
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It is always easy to go over to the notation 
of case a, if one remembers that if the coupling 
to the internuclear axis is made stronger, so that 
we come to case a, we get the following values 


of Q 
311, 3ITo 311; 
— H K+1 K K-1 


caegi@= 9 +1 2 
"“o= 2 1 «=O 


(normal triplet) 
(inverted triplet). 


The lines which are obtained from all the 
’>~ II transitions which are allowed by the 
selection rules form 27 branches. (See Fig. 4.) 
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Fic. 4. The 27 branches resulting from a *=—*II transi- 
tion. The dotted lines represent satellites which cannot be 
separated from the main lines if the *2— triplet separation 
is negligible. 


these remain. The fact that the initial *S state 
has a negligible triplet separation causes a 
number of branches to coincide. The following 
little table shows the expected branches. The 
nomenclature here also is that which is suitable 
for case 6. Therefore we call a branch an N- 
branch, if the transition is K—3-—K, O-branch, 
if K—2-K, P-branch, if K—1-K, etc. The 


this will be given in a forthcoming paper on the perturba- 
tions. However it became also apparent that some of the 
irregularities in the tables were due to errors in estimating, 
and these were corrected in the first part (up to Pu, Qss, 
R32) of 43305 and in the tail of \2977. The records also 
showed that the expected intensity relations between the 
branches hold, namely that the Q-branches are the strong- 
est and the R-branches the weakest branches. 
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K value of the final state is always used to 
number the lines. Each branch wil! have to 
have two indices. The first one indicates the 
index of the initial, the second one that of the 
final, state. The allowed branches are then 


Pi Qu, Qa 
Or2 Po, Pr. Q», Ore, Qs2 
Nis, O22, Or2 P33, P23, Ps Qs, Qos 
Ru, Ra, Ra Soi, Sai, Tx 
Roo, Rs S32 


Rss 


Those nine branches which are printed in heavy 
type are the only ones present if the final state 
is in the rigorous case b. As case b is approached 
better and better for higher values of K, those 
nine branches are the only ones which can be 
expected for high values of the rotational 
quantum number. All other branches will fade 
out if the coupling to the internuclear axis is no 
longer appreciable, especially those for which K 
changes by two or three. 

When the triplet separation of the *D state is 
negligible, the notation can be still further 
simplified, as all the branches with the same 
final but different initial index coincide. The 
initial index can then be dropped entirely, and 
this is done in the present paper. We expect 
under these conditions therefore the following 
fifteen branches 


Rak & Nh 
O. P2 Qe Re Sz 
Nz O; Ps Qs Rs 


The N; and 7\-branches will be extremely weak 
and present only for very small values of K. 
The O and S-branches will be weak and be 
absent for high values of K. The remaining 
nine P, Q, and R-branches will be strong. 


It is necessary now to show that the observed 
empirical structure of the bands agrees with the 
theoretical scheme for a *Y—*II transition out- 
lined above. An inspection of the plates shows 
that a number of branches can be traced near 
the heads of the bands. It is possible to establish 
combination relations between these branches 
by which the numbering of the lines can be fixed. 
At the same time it is possible to find out which 


branches belong together. In this way it becomes 
apparent that the first two rather weak heads of 
the bands are formed by the O; and O.-branches. 
The three strong heads arise from the P-branches. 
The three Q and R-branches are also easily 
found. The branches can be traced to about 
K=19. The intensities of the different branches 
behave exactly as we must expect. The P, Q, 
and R-branches gain constantly in intensity and 
are very strong where they break off. The two 
O-branches, however, start with a fair intensity, 
becoming weaker with increasing K, and the 
last few lines are just at the limit of visibility. 
The intensities therefore confirm the classifica- 
tion of the branches. 

Table I gives the wave numbers of the O, P, 
Q and R-branches of the four bands at 2833 
2977, 3134 and 3305. The data for the band 
0-4 at 3493A will be given in a later paper. 
Its analysis has been also carried through, but 
there are still a few doubtful points due to the 
fact that for this band also the final state 
is perturbed. Most of the lines were measured 
on two different plates and for good lines the 
agreement is within a few hundredths of a 
wave number. The intensities''* are rough vis- 
ual estimates. The column to the right of the in- 
tensity column shows whether the line coincides 
with another classified line. The wave-lengths of 
the lines which are used more than once are 
not as reliable as those of the single lines, as such 
lines are formed by two or more lines very close 
together. This usually shows in the intensity, 
and very often such lines are broad or diffuse. 
It must be borne in mind that many lines may 
coincide with other not yet classified lines, e.g., 
those of the 5B-bands. 

About the remaining four branches which 
ought to be expected for a *2-*II transition, the 
following can be said. 


N;-branch 


There are some very weak lines in front of the 
first head which apparently form a series. They 
are the lines of the N3-branches as shown by 
Table II which gives their calculated’ and 
observed frequencies. The branches are ex- 

22 The N-branches can be calculated with the help of the 


combination relations discussed farther below. In the same 
way also the S and 7-branches can be calculated. 
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tremely weak and would have escaped observa- 
tion if they were not in front of the head, where 
there are no other lines which might obscure 
them. 


The S-branches 


The S-branches fall into the region in which 
many strong lines are crowded together. As they 
consist of weak lines, it is not surprising that 
many of them are obscured by the stronger 
lines of the main branches. Therefore they are 
much less completely observed than the O- 
branches (especially the weaker S»-branches). 
The S-branches are also given in Table II. The 
T-branch is so weak that only uncertain traces 
of it can be found. 

There is no evidence of any other branches 
besides those mentioned. Therefore the bands 
can be only *+—*II transitions, as it is easy to 
see that any other kind of transition would lead 
to a different structure." 

It was mentioned above that in the branches 
of all bands the lines can be followed to about 
K=18. After this the branches seem to stop. 
The last few lines present in every branch show 
perturbations of increasing magnitude. This 
shows that a big perturbation of the initial 
state cuts off the regular sequence of lines. 
Usually if there is a perturbation in a sequence 
of rotational lines the lines come back to a 
regular sequence after the perturbation is past, 
but as there could not be detected anywhere in 
any of the bands a regular sequence of lines, it 
became very probable that there must be more 
than one perturbation. Although this consider- 
ably complicates the analysis of the rest of the 
bands, it is possible nevertheless, by looking for 
analogous groups of lines in all five bands and 


13 One might ask how Asundi could obtain such a com- 
pletely different analysis of the same bands. He classified 
the bands as *S—*Il bands and obtained five P, five Q, 
and R-branches. A comparison of his data with ours shows 
that most of his branches are not real and that the suc- 
cessive lines in these branches have no relation at all with 
each other. Also his branches are very short, the intensities 
irregular, and only a small percentage of the total number 
of lines in the bands is accounted for by his analysis. The 
agreement of the combination relations seems to us entirely 
accidental or probably caused by Asundi’s method of 
analysis. All these and many other minor details seem to 
us sufficient evidence against Asundi’s classification. 
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by comparing them carefully to arrange the rest 
of the lines as well into branches. The spacing 
of the lines in each branch is very irregular 
(see Fig. 3), and cannot be used at all to decide 
whether a line belongs to the branch or not. 
Nevertheless we are convinced that the classifi- 
cation of the lines given in Table I is correct, 
perhaps with the exception of a few difficult 
lines. The following criteria can be used to test 
the correctness of the classification: 

(1) The perturbations are in the initial state. 
There is one line in each of the nine branches 
which comes from a given initial state, and as all 
five bands have the same initial state, one per- 
turbation must affect 45 lines. This is always 
found to be so and excludes almost completely 
the possibility of an accidental agreement which 
might be found if the number of necessary 
coincidences were smaller. 

(2) All properties of the final terms such as 
triplet separations, A-doublings, and final term 
differences are entirely unaffected by the per- 
turbations. The final term differences allow the 
numbering of the lines to be fixed unambigu- 
ously. 

(3) The intensities of the lines in each branch 
run smoothly. There are exceptions from this 
rule which will be given in a forthcoming paper 
on the perturbations, as the perturbations affect 
sometimes also the intensities of the lines. But 
in such a case the intensity anomaly occurs 45 
times and can easily be identified. 

(4) The perturbations which at first sight seem 
to be entirely without regularity follow a definite 
scheme. The structure of the perturbations will, 
however, be discussed in a separate paper. 

(5) The differences R(K)—P(K)= F(K+1) 
— F(K—1), if F(K) represents the initial rota- 
tional terms, are given in Table III. These 
differences ought to be equal for all five bands 
and the tables show that this is actually the case 
within the limits of experimental errors. In 
judging the agreement one must take into 
account that there are many lines which are 
blends or unresolved doublets for which the 
accuracy of the measurements is much less than 
for a good line. Differences which involve lines 
which can be recognized to be bad lines are 
marked by an *. The absence of an * does not 
necessarily mean that the lines involved are 
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Ri(K) —Pi(RK) R2(K) —P2(K) Rs(K) —P3(K) 

K 2833 2977 3134 3305 2833 2977 3134 3055 2833 2977 3134 3305 

2 

3 

4 32.87 32.75* 32.94 33.00 33.10* 32.92* 

5 40.68* 40.45 40.51 40.39* 40.52 40.67* 40.60* 40.90* 40.79* 40.90* 40.68 

6 48.11* 48.20* 47.88* 48.09 48.02 48.30* 48.23* 48.35* 48.25* 48.30* 48.03* 

7 55.93* 55.85 55.94* 55.91* 56.09* 56.08* 55.92* 56.06* 56.08* 55.97 56.11* 

Ss 63.78* 63.69* 63.78* 63.71* 63.64* 63.40* 63.64* 63.77 63.71 63.93* 64.26* 

9 71.43* 71.61* 71.56* 71.48 71.38* 71.48* 71.49* 71.29* 71.58 71.66 71.56 
10 79.39* 78.97* 79.26* 79.20* 79.13* 79.17* 79.26* 79.36* 79.36 79.37 79.38* 
ll 87.00* 87.03* 87.04* 87.09 87.03* 87.04* 87.10* 87.25 87.04 87.10 87.02* 
12 94.96* 94.68 94.73 94.79* 94.45* 94.69* 94.78* 94.55* 94.67 94.56* 94.71 
13 102.40 102.25 102.53* 102.36* 102.46* 102.36* 102.41 102.40 102.48 102.51* 102.38* 
14 109.85 110.09* 109.88* 109.86 109.89 109.84 109.77* 109.66* 109.97* 109.81* 
15 116.65 116.75* 116.79* 116.72 116.68 116.78* 116.66 & 116.81 116.77* 
16 122.90* 123.03 123.01 122.93 123.02* 2.98 123.02 23.2 123.13 123.04 
17 127.93* 127.91 128.01 128.05* 127.80 8&5 127.95* 128.01 8.02 128.07 127.91* 
18 129.33* 129.49 129.42 129.38 129.50* 4 129.26* 129.51 29.5% 129.52 129.56 
19 207.48* 207 .62* 207.59 207.48 207 .17* 207 .44* 207.33 207 .70* 207 .51* 207.76 207.65 
20 207.73 208 .07* 207.85 207.76 207 .59* 207 .43* 207 .69* 207 .75* 207.87 207 .S8* 207 .S85* 
21 141.64* 141.78* 141.69 141.58 141.82* 141.91 141.89 141.53* 141.38* 141.5) 141.40* 
22 161.32 161.39* 161.36 161.18* 161.26* 161.38* 161.42 161.13* 161.25* 161.34 161.18* 
23 174.41* 174.53 174.53 174.51* 174.31* 174.64* 174.52 174.39* 174.49 174.48 174.42* 
24 184.35 184.41 184.52* 184.32 184.29 184.32 184.34 184.32* 184.46 184.43 184.48 
25 192.69* 192.69 192.65* 192.62 192.85* 192.66 192.54* 192.65* 192.69 192.62* 192.55 
26 199.71* 199.83 199.75 199.64 199.33* 199.48 199.41 199.46* 199.51 199.83 199.37* 
27 202.69* 202.88* 102.84 202.86* 202.54* 202.91* 202.78 202.95* 202.95 202.96* 202.90 
28 195.30* 195.09 195.31* 195.34* 195.66* 195.71* 195.73* 195.59 
29 262.46* 262.49 262.42* 262.34* 262.61 262.43* 262.61 262.45* 262.48 
30 279.76* 279.65* 279.85* 279.37* 279.97 279.24* 279.58 279.40 279.20* 
31 230.25 230.41* 230.33 230.32* 230.43 230.16 230.23* 230.26 230.23 
32 243.56 243.96 243.67* 243.75 243.88 243.77* 243.91* 243.71* 243.70 
33 251.38 251.75* 251.39* 251.37 251.54* 251.55* 251.42 251.52* 
34 251.73 251.77* 251.58 251.67 251.49 251.64* 251.89* 252.07* 251.80 
35 303.66 304.06* 304.29* 303.69 304.11* 304.00* 303.49* 303.56* 303.75 
36 308.80* 308.98* 308.94 308.70 308.96* 309.10* 308.70* 308.97* 308.97 
37 271.06 271.13* 271.89* 271.17* 271.32 271.49* 271.52 271.49 271.41 
38 287.85* 287.90 287.77 287 .86* 287.80 287.97 287.75 287.92 287 .76* 
39 289.84 290.20* 289.93 289.97 289.75 289.88 290.04 290.08 290.01 
40 333.57 333.68 333.67 333.67 333.44* 333.69 333.61*a 333.98* 333.88 333.85 
41 341.16* 341.19 340.66* 341.15* 340.86 341.17 341.09 340.96 341.07* ’ 341.02 
42 311.83 311.82* 311.98 311.93 311.85 31LL.91 311.91 311.69 311.65 311.69 311.72 
43 319.43 319.07 319.63 319.62 319.68 319.61 319.22* 319.61 319.67* 319.81* 319.76* 319.81* 
44 357.21* 357.50 357.59 357.63 357.41 357.50 357.50 357.52 357.60 357 .72* 357.68 357.64* 
45 366.79 366.83* 366.77 366.74 366.85* 366.86 366.59* 366.50* 366.55 366.61 
46 341.29 341.28 341.24 341.27 341.26 341.21 341.27 341.40 341.12 341.21* 341.17 341.17 
47 377.66 377.71 377.71 377.53* 377.69 377.69 377.68 377.69 377.97* 377.88 377.90 377.89 
48 382.23 382.21 382.18 382.13 382.13 382.12* 382.12 382.28* 381.99 382.10 382.08 382.11* 
49 354.52 354.69* 354.50 354.56* 354.46* 354.29* 354.91* 354.83 355.09* 354.70 354.99* 354.76 
50 392.35 392.28 392.29 392.21 392.04 392.30 392.15 392.28 392.30 392.44* 392.22 
51 401.22 401.24 401.26 400.51 401.29 401.26 401.30 401.27 
52 402.39 402.53 402.53 402.63 402.55 402.61* 
53 431.47 431.65 431.38 431.60 
54. CO 429.26 429.30 429.51 429.56 430.32* 

| 














without suspicion. For instance, in the tails of 
the bands there will be many coincidences with 
lines of the 5B-bands which, as a rule, cannot 
be recognized easily, as the 5B-bands have not 
been analyzed yet. 


§5. THe *> TrerRMs 


It was already anticipated that the *Y terms 
must have very small triplet separations. If that 
were not the case, most of the main lines ought 
to be accompanied by satellites of the kind 
which are found, for example, in the N/J or O/T 
bands. The table on page 16 shows for which 
lines satellites must be expected. There is, 
however, no trace of such satellites and the lines 
do not show even any perceptible asymmetrical 


broadening, but appear to be completely sharp. 
The triplet separation ought therefore to be less 
than about 0.2 cm~. This reasoning does not 
hold for high values of K (about > 20) where the 
satellites would be too weak to be noticeable. 

But the identity within the limits of experi- 
mental errors of the three sets of initial term 
differences F;(K+1)—F(K—1) (Table III) 
shows that if there is a triplet separation for high 
K it cannot be large, although this criterion is 
not nearly as sharp as the absence of satellites 
for the lines with small K. There is a possibility 
that the strongly perturbed terms have an 
anomalous triplet separation. 

It will be noticed in Table II that there is a 
systematic difference between the calculated and 
observed wave numbers of the NV and S-branches. 
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The observed values of the N-branches appear 
to be higher and those of the S-branches lower 
than their calculated values. As this is true for 
all bands, it is highly improbable that it can be 
ascribed to a systematic error in the wave- 
lengths. If the difference is real, it means that 
there is a triplet separation of the order of 
magnitude of 0.1 cm™ and that F, is the highest 
and F; the lowest term. The data are too inac- 
curate for further conclusions. 

The presence of the strong perturbations does 
not allow an accurate evaluation of the rotational 
constants. Even the lowest levels show definite 
deviations from the simple quadratic formula 
which ought to be valid for = terms. These 
deviations for small K probably arise from the 
fact that the lowest. levels are on the edge of an 
additional perturbation. 

The value of B calculated from the term 
differences for K=7 to K=15 which are fairly 
normal '* is B= 1.89 cm~. From B=h/82°cJ we 
get the moment of inertia of the initial state 
J=14.7-10-* g cm’. 


§6. Tue *Il TERMs 


The question whether a multiplet term of a 
molecule is a regular or inverted term can often 
be settled easily by observing how many lines 
are missing in the vicinity of the band origin. 
For as J= there will be more lines missing for 
a larger value of ©. 

In our bands this criterion is of not much 
value as the origin falls into a crowded region 
and the lines in the vicinity of it are very weak 
so that it is very difficult to decide whether a 
particular line is entirely missing or merely so 
weak that it escapes observation. The only 
branch which allows a definite conclusion is the 
O;-branch. The first line of this branch is O;(3) 
in all bands. It has a fair intensity but there is 
no trace of O;(2), although the place where it 
ought to appear is relatively free from other 
lines. This can only mean that the level with 
K=3 is the lowest rotational level for *II;. It 
must have then J=2 from which it follows that 


14 Note added in proof: A further investigation of the 
perturbations showed that there are no levels which are 
completely free from the influence of the perturbations. 
The value of B given is probably somewhat too small. 


Q=2 (see p. 16). As *Il; is the highest triplet 
component the triplet must be a normal triplet. 

A confirmation of this conclusion can be 
obtained from the A-doubling. In Fig. 5 the 
A-doubling of the three triplet components is 
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Fic. 5. A-doubling of the *II-levels. Cross from \2977 (V =1) 
plus from 3134 (V =2). 


plotted. It is obtained from the lines in the 
following way. If we designate the rotational 
terms of the initial state by F(K) and those of 
the final state by f.(K) and f,(K) in which f, 
are the terms which are responsible for the 
Q-branches and f;, those of the P and R-branches, 
we have P(K)= F(K—1)—f,(K); Q(K)= F(K) 
—fa(K); R(K)= F(K+1)—fo(K). 

R(K)+P(K+1)—Q(K)—Q(K+1)=f.(K+1) 
—fi(K+1)+f.(K)—f,(K). This gives us the sum 
of the A-doublings of two successive levels. If we 
call this quantity 2A’v, A’y is the average of two 
successive A-doublings Av. The variation of the 
A-doubling with K is so slow that the difference 
between the real A-doubling Av and the average 
A-doubling A’y is smaller than the errors of 
measurement. 

In Fig. 5 the crosses represent the values ob- 
tained from the band O-1 + those from O-2. 
Those of the other bands have been omitted in 
order to avoid confusion. It appears that Av» 
and Av; are practically independent of the 
vibrational state. The figure shows, however, 
that for Av; the plusses lie systematically above 
the crosses. The values for V”=2 are still 
higher and those for V"=3 are very much 
higher so that the sign of Ay, is reversed for 
K>10. 

In comparing the empirical data of Fig. 5 with 
the theoretical predictions given on page 16, 
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it must be born in mind that departures from 
case a take place already for small values of K, 
which affect the A-doubling considerably, so that 
a quantitative agreement cannot be expected. 
It is apparent, however, that Av» which is 
appreciable for very small values of K must 
belong to 2=0. Av; is much smaller for small K 
than Ave. Ave must have, therefore, Q2=1, and 
Av3, 2=2. This shows again in agreement with 
what was found before, that the triplet is a 
normal triplet and that the numbering of the 
branches is correct. 


AND 
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The rotational constants of the *II level are 
best calculated from the middle triplet compo- 
nent as this is not affected by the change in 


coupling. 
We find 
V=0 B=1.686 cm"! V=3 B=1.626 cm"! 
1 1.670 4 1.600 
2 1.647 


The moment of inertia of the state V=0 is 
J=16.43 10-* g cm’. 


Notes on the Preparation of Reststrahlen Plates and the Reflection Power of Powders 


R. BowinG BARNEsS,* Physikalisches Institut der Universitat Berlin 
(Received November 16, 1932) 


Reststrahlen plates were prepared (1) of natural crystal 
surfaces, (2) of surfaces of fused and then recrystallized 
substances, and (3) of pressed crystal powders. The rest- 
strahlen resulting from reflection upon these three types of 
surfaces were compared. The wave-length of the reflection 
maxima was in each case the same. The intensity of the 


reststrahlen of type (2) was the same as that of type (1). 
The reflection power of the third type, the pressed powders, 
depended inversely upon the size of the particles of powder. 
It is shown, that (in cases where no pressure is applied to 
the surface), the reflection power of a powder decreases as 
the particle size is made smaller. 





ESTSTRAHLEN are used in some manner 

or other in a very large percentage of all 
infrared investigations. The most modern methods 
do not make use of them as they were used 
originally by Rubens and Nichols. Today, the 
reststrahlen usually play a secondary role, a 
grating serving as the actual means of producing 
monochromatic radiation. Use is made of the 
selective reflection of the crystals in diminishing 
the intensity of those wave-lengths which are 
much shorter than the ones being studied, and so 
reducing the effect of the overlapping orders of 
the grating. Reststrahlen are thus used as a re- 
flection filter. 

It is the chief purpose of this paper to discuss 
the most efficient method of preparing rest- 
strahlen plates of those substances which may 
not be had in large single crystals. In such cases, 
two other types of plates have very frequently 
been used. Either the substance has been fused, 
allowed to recrystallize and then ground and 
polished, or, first powdered and then pressed 
against a metal mirror surface. By use of a wire 
grating spectrometer of the type often described 
in this and other journals, the relative merits of 
plates of these three types were compared. 
Particular attention was given to the reflection 
powers of the various surfaces, or, what amounts 
to the same thing, to the intensities of- the 
reststrahlen resulting from reflection upon the 
different surfaces. 

Fig. 1a shows the results of measurements 
upon NaCl plates of all three types. It will first 
be noticed that in all’ cases the maximum of the 
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reflected energy is independent of the manner in 
which the reflecting surface is prepared. The 
recrystallized plate was marred by two bad 
cracks upon its surface. Making a slight allow- 
ance for these cracks, it is seen from curves (1) 
and (2) that the reflection power of the micro- 
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Fic. 1. Reststrahlen from single reflections on NaCl and 
KCl. Comparison of plates of natural crystals with (1) 
plates made of materials which had been fused and allowed 
to recrystallize, and (2) plates made by pressing powdered 
crystals against a metal mirror. 

a. NaCl reststrahlen, (1) natural crystal, (2) fused 
crystal, (3), (4), (5), (6) and (7) pressed powder. 

b. '. reststrahlen, (1) natural crystal, (2) pressed 
crystal. 


crystalline salt is just the same as that of the 
single crystal. Curves (3), (4), (5), (6) and (7) 
show the results for plates of pressed NaCl 
powder, the size of the powder grains in each 
plate being different. The average particle in the 
(7) powder was about 0.1 mm. The others were 
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smaller, the finest, those of plate (3), being 
obtained by scraping the surface of a natural 
crystal with a razor blade. The reflection power! 
is seen to depend inversely upon the size of the 
grains of the powder. A still finer powder can 
probably be obtained by drying a precipitate of 
NaCl. 

No other crystal was examined in all three 
forms. However, the following results seem to 
show that the facts found in the case of NaCl 
hold in general. 

Fig. 1b shows a comparison between a single 
KCI crystal and a plate of pressed KCI powder. 
Here the particle size was approximately the 
same as in curve (5) for NaCl, and the results are 
analogous to those shown in Fig. 1a. 

An old plate of pressed TIC] powder (also one 
of Rubens plates) was compared with a plate 
made of new TICI powder. The former, which 
with time had taken on a dull gray color, gave 
values about 20 percent higher than those of the 
new plate. Since the pressures used in preparing 
the two plates were exactly the same, namely, 300 
atm. per cm”, it is believed that the differences in 
reflection power are due to corresponding differ- 
ences in the particle sizes. Ruben’s powder was a 
dried precipitate and was surely much finer than 
my powder which was ground in a mortar and 
pestle. 

It follows then, that the reststrahlen from a 
microcrystalline plate are just as strong as those 
from a single crystal. Further, the intensity of the 
reststrahlen from plates of pressed powders varies 
inversely as the size of the particles, reaching 
values approaching those obtained from the 
other two types of plates only if the size of the 
powder grains is extremely small. These con- 
clusions are well illustrated by the fact that 
Rubens found for NaCl (natural crystal), KBr 
(microcrystalline plate) and TICI (pressed from a 
dried precipitate of TIC) reflection powers of 82, 
83 and 81 percent respectively. 

Upon consideration it is clear that the reflec- 
tion power of the pressed powder plates, as 
measured by the intensity of the reststrahlen, 
must depend upon the size of the particles. 
Imagine a single crystal reststrahlen plate to be 


1 By reflection power we shall mean the intensity of the 
reststrahlen or the specularly reflected energy, diffusely 
reflected radiation not being considered. 
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broken into 100 parts, and these parts to be 
placed together to form a mosaic surface. The 
reflection power drops slightly due to the losses 
suffered at the cracks. Let this process be 
continued. The decrease in the reflection power 
will be proportional to the increase of the non- 
reflecting portions of the surface so long as the 
parts of the original plate are still oriented with 
respect to one another. On decreasing the size of 
the parts still further, let us assume that a 
random orientation begins to appear, the surfaces 
of the reflecting particles no longer lying in one 
plane. The reflection power drops still further 
due to the loss caused by diffuse reflection. Part 
of this loss is due to the radiation which is 
reflected at angles slightly different from the 
angle of specular reflection, and so lost as far as 
the reststrahlen are concerned. Still another part 
is caused by the fact that a portion of the 
incident radiation suffers multiple reflection into 
the crevices between adjacent particles and so is 
“trapped” and lost. The smaller the particles are 
made the greater the chances for losses of these 
two kinds, and so the greater the decrease in the 
reflection power of the surface. As soon, however, 
as the size of the particles becomes small com- 
pared with the wave-length of the reststrahlen, 
in the case of NaCl 0.052 mm, a different 
phenomenon appears and causes the reflection 
power to: decrease more rapidly and indeed to 
approach zero. The surface does not reflect in 
spite of the fact that, as the particles become 
very much smaller than the wave-length, the 
relative degree of its ‘‘polish”’ is increased. If the 
powder is absolutely dry and each small grain 
acts as a unit, one might imagine that the 
resulting surface would reflect just as a slightly 
roughened crystal surface. Usually the grains 
group themselves and form a very rough fluffy 
surface. Even if this were not the case, however, 
such a “‘polished”’ surface of very finely divided 
powder would not reflect well. 

In all reflection phenomena it is the surface and 
a very thin layer of matter approximately one 
wave-length thick which play the most important 
roles. The effective extinction coefficient must be 
such that the amplitude of the incident wave is 
reduced almost to zero within this thin layer of 
the substance if a high degree of reflection is to 
take place. In fact, if the matter within a thin 
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sheet of highly reflecting metal be distributed 
throughout a much thicker layer (by some 
process such as powdering the metal 
finely) the resulting material becomes very 
transparent and a poor reflector.? It will be 
remembered that various metals such as Bi, Pt, 
Sb and others, when very finely divided are 
found to be “‘black”’ and do not reflect at all. For 
this same reason a gas will not reflect, while if the 
density is increased until the same substance is a 
liquid, reflection is found. (Pfund has shown that 
if bismuth-black is gathered in a small pile, and 
then pressed into a sheet, it becomes highly 
reflecting. Soot behaves in the same manner.) 
The surface of our finely powdered reststrahlen 


very 


? Phil. Mag. 24, 440 (1913), Wood has shown that finely 
divided copper is very transparent to the long waves. ‘The 
same amount of metal, in fact a much less quantity, in the 
form of a uniform film would be absolutely opaque to the 
heat waves, for we know that the reflecting power of a 
metal is practically 100 percent for all waves longer than 
about 10x.” 


plate should reflect highly then only if the matter 
within it be compressed until there are enough 
particles within a layer one wave-length thick to 
yield an effective extinction coefficient high 
enough to cause the amplitude of the incident 
radiation to be greatly reduced.* This is exactly 
what we do when we press the powder into plates 
as described above. The finer the particles the 
easier it is to press them into good contact, the 
less the chance for trapped radiation, the higher 
the degree of polish of the surface and so, the 
higher the resulting reflection power. It should be 
interesting to vary the amount and the time of 
application of the pressure used in forming the 
plates. In all the cases measured here 300 atm. 
per cm? was applied for about 3 minutes. 

I wish to thank Professor M. Czerny for the use 
of his wire grating spectrometer. 


3 Phys. Rev. 39, 64 (1932), Pfund and Silverman showed 
that quartz, calcite and ammonium chloride when finely 
powdered do not reflect in their regions of metallic reflec- 
tion. These powders were not pressed. 














Photoelectric Currents in Gases between Parallel Plate Electrodes 


Litoyp A. YounG* AND Norris E. Brapsury,* Massachussetts Institute of Technology 
(Received November 16, 1932) 


The passage of photoelectrons between parallel plate 
electrodes through a gas has been investigated theoretically 
in its dependence on accelerating field strength, pressure, 
and nature of the gas. It is found that the physical phe- 
nomenon of importance in such an experiment is the 
Ramsauer scattering in the immediate vicinity of the 


emitter. A theoretical expression for the ratio of observed 
current to saturation current is in excellent agreement 
with experiments on Hz and N2 by N. E. Bradbury. The 
theory allows the calculation of Ramsauer cross sections 
of the gas from the observed currents. 





N general, problems of conduction of electricity 
through gases are of such a complicated na- 
ture that an exact theoretical discussion is im- 
possible. However, attempts employing diffusion 
concepts and gas kinetic ideas have in many in- 
stances led to very useful results. Perhaps a 
better approach in many cases would be to 
abandon the use of the differential equations of 
diffusion and to consider from the outset the 
elementary physical processes as fundamental, 
and then arrive at the desired results by applying 
statistical methods to the tremendous number of 
processes involved. This is in many instances 
difficult to do for we usually do not have prob- 
lems of equilibrium, but rather of steady flow. It 
has occurred to the authors that the problem of 
flow of electrons between two parallel plate elec- 
trodes in a gas (the electrons being emitted 
photoelectrically from one of the plates) should 
be amenable to such a treatment. 

Consider, then, two parallel plate electrodes a 
distance L apart in a gas at such a pressure that 
there are N gas atoms or molecules per cubic 
centimeter. Let light shine on one of these plates 
of such an intensity that m photoelectrons are 
liberated per second. Further let a potential 
V=XL be applied between the electrodes in 
such a direction that these electrons are drawn 
away from the emitter and a current flows. This 
current will vary with the field strength X, N, 
and the nature of the gas. As the gas is pumped 
out of the tube containing the plates, the current 
will increase to a saturation value corresponding 
to all electrons liberated at the source being col- 
lected. When the gas pressure is not zero, the 
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electrons will undergo scattering collisions with 
the gas atoms and a part will be returned to the 
emitting plate. 

Thus the elementary process in such an experi- 
ment is elastic (Ramsauer) scattering of the 
photoelectrons. Let us consider the scattering of 
electrons of a fairly definite energy Ey so that we 
can assign a Ramsauer cross section o(E») to the 
molecules. Suppose that at each collision an elec- 
tron has a probability w of being removed from 
the current stream. Then the number of electrons 
left after travelling a distance £ is n= me~?**. 

In the experiment proposed the process re- 
sponsible for removal of electrons is scattering 
backward at such an angle that the electrons can 
reach the emitter. For the present we shall as- 
sume that the return or non-return of the elec- 
trons is determined by their first collision. We 
may now write x=£ cos ¢ where x is the com- 
ponent in the direction of the field of the dis- 
tance traversed and cos ¢ is the mean value of 
the angle between the actual path and the direc- 
tion of the field which is taken as normal to the 
emitting plane. This mean value in the following 
will be taken over all the electrons having their 
first return scattering at a distance x from the 
emitter. 

The fraction w depends on the initial energy 
of the electrons, the field strength XY, and the 
distance x from the emitter at which the scat- 
tering takes place. In order that an electron 
return to the emitter, the kinetic energy as- 
sociated with its velocity towards the plate u 
must be such that }mu?>eXx. But its total 
kinetic energy at collision is }mV?=E,+eXx. 


Therefore the condition for return is that 
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u/V= cos 0>[eXx/(Eo+eXx) ]'” 


or 6< cos! [eXx/(Ey+eXx) }'?. Thus if an elec- 
tron is to return to the plate it must be scattered 
within a cone of angle cos [x/(x+Ey/eX) }'”. 
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Fic. 1. Cone of return for an electron scattered backward 
at x. 


Such a cone subtends a solid angle, (Fig. 1), 
Q= 2x1 — (x/(x+ Ey/eX))'?]. 


Therefore the fraction of those electrons scattered 
that reach the plate is 


w(x) = 3[1—(x/(x+Eo/eX))'?]. 


We may now write 
n.= m exp (— (aN /cos 4) f “w(x)dx) (1) 
0 


for the number of electrons reaching x without 
removal from the current stream. The current 
arriving at the collecting electrode may be 
written 

i=me—R (2) 


where R, the return current is given by 


L x 
R= ne) exp (— (¢N/cos af w(x)dx) 
0 0 
X(¢N/cos ¢)w(x)dx. (3) 


Eqs. (1) and (2) are, of course, exactly equivalent, 
but for practical purposes Eq. (2) is in a more 
convenient form. This is so because we wish to 
carry out in detail the example of quite high pres- 
sures where most of the return takes place very 
close to the emitter. Under these conditions we 
may make several approximations. First, the 
field does not have a chance to deflect the elec- 
trons appreciably before their first collisions so 
we may write cos ¢= 3, the value corresponding 
to electrons emitted with a uniform distribution 
in angle. Second, for very small x, w(x)~}. We 


. 
- 


may therefore approximate (2) for this case by 





1= me 


— nef e~°Xtg N[ 1—(x/(x+Ey/eX))'? ]dx. (4) 
0 
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We have now extended our integral from 0 to 
instead of from 0 to L. This is allowable when 
L>(1/o¢N)((1/e0N) corresponds to the mean free 
path). This extension of the limits of integration 
corresponds to the fact that for such pressures 
and constant field strength, the current is inde- 
pendent of the electrode distance. 
Eq. (4) may be rewritten 


i=ne [ e~°§2[ x /(x+Ey/eX) }'"oNdx 
e/0 
or the ratio of the current 7 to the saturation 
current moe is 


i/io= | e-"*L y/(y+EooN/eX) }'"dy. 
0 
Denoting ex/E yo N by a? we have 


i= [Pey/O+1/a) dy. (5) 
0 

This integral has been evaluated in the form of a 

series for small a.' We find 


i/ip=1(3/2)a—31(5/2)a3 
+(1+3/2-4)P(7/2)a5-++. (6) 


This series is divergent but usable in calculation 
since the error made in summing any number of 
terms is of the same sign and less than the first 
term neglected. For large a we find 


1/to~1—(1/a*) log a. (7) 


This approximation is usable for a>4. For a<0.2 
we may approximate 7/%) by 


i/ip~ 4a =}e'2(eX/EytN)'%. (8) 


The upper limit of the error of this approxima- 
tion at a=0.2 is 3 percent. In the intermediate 
region 0.2<a<4 no satisfactory analytic expres- 
sion for 7/79 has been found, but Eq. (5) has been 
evaluated by numerical integration in this range. 
In the following table i/ip is tabulated for a set 








a 0.200 0.707 1.000 1.414 2.000 3.000 4.000 
t/ig 0.172 0.492 0.603 0.708 0.791 0.867 0.902 








of values of a. These values are exhibited graph- 
ically in Fig. 2. 


1 Malmsten, Handl. Stockh., 1841. 








36 L. A. YOUNG AND 
Before applying these results we must justify 
the fact that multiple collisions have not been 
considered. In the first place, most of the return 
current is produced by scattering in the very first 
layers of gas molecules and the nearer to the 
emitter a return electron is produced the smaller 
its chance of suffering any collision before cap- 
ture. Also, if a second collision takes place, its 
chance of being a return collision is greater than 
at the point of first collision. Moreover, if this 
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Fic. 2. Curve showing variation of /i) with a obtained 
from the evaluation of Eq. (5). For small values of a the 
slope is essentially constant and equal to }x'/*, 


second collision is not of the return type it is 
clear that it produces an electron practically 
equivalent to one just starting from the emitter 
so that its chance of subsequent return is of the 
order of 1—72/i. In the experiments about to be 
discussed 1—1/% is in general greater than 0.8. 

One of us (N.E.B.) has studied experimentally 
the passage of photoelectrons through He and Ne 
at pressures ranging from a few centimeters of 
mercury to pressures near atmospheric.” Since, 
in these experiments, 7/7) was usually less than 
0.2, it is possible to compare these results with 
the simple theoretical expression Eq. (8). Re- 
membering that a= (eX / Ey N)'*. Eq. (8) predicts 
a linear relation between the observed i/i) and 
(X/p)'? where p is the gas pressure (for experi- 
ments performed at one temperature). In Figs. 
3 and 4 the observed i/i) is plotted against 
(X/p)? (X in volts per centimeter and p in mm 
Hg). The predicted linearity is realized within the 
accuracy of the experiments. 


?N. E. Bradbury, Phys. Rev. 40, 980 (1932). 

























































































N. E. BRADBURY 
ae rT 
| | | | La 
04|— — fT [-—+ : 
oe ie | | | : LA 
Hydrogen | | ‘ | 
as 0685cm o95cm 7 | 
430cm | aa 
ESSE + 
02 i 
rk | 
q 
o/ aie | t= 0190(%)* 
A oe = 3 
Ai || 
0 (gf 04 08 12 16 20 24 
Fic. 3. Experimental values of 7/i9 plotted as a function of 
(X/p)'*. 


Eq. (8) also predicts the slope of this line in 
terms of the cross section co. As a further test of 
the validity of the theory we may make use of 
the observed slopes to calculate the scattering 
cross section. Doing so we find 


H. o=0.85 X10- cm? 
Ne o= 1.07 X10- cm’. 


In making these calculations E) was taken to be 
0.78 electron-volts. This was presumably near 
the maximum of the energy distribution curve of 
the electrons emitted from the plate in these ex- 
periments. Thus the above values of o are for 
electrons of approximately this energy. These 
results may be compared with Ramsauer cross 
section obtained by other methods. For example 
Normand*® gives o=1.31X10-" for He and 
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§C. E. Normand, Phys. Rev. 35, 1217 (1930). 
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o=1.03X10-" for Ne. However, in the region 
corresponding to electrons of this energy Nor- 
mand’s curves are varying so rapidly with elec- 
tron energy that exact comparison is impossible. 
We have here introduced the cross section as 
the only property of the gas of importance in 
these experiments. This is natural, as we have 
seen, since the return of electrons to the emitter 
is determined by their first elastic collisions. The 
slight loss of energy at each collision (dependent 
on the ratio of the mass of electron to that of 
the gas molecule) does not enter. By the time the 
electron has lost an appreciable fraction of its 
initial energy in this way its distance from the 
emitter makes its chance of return negligible. 
J. J. Thomson has given an expression for i/ip 
in experiments of this type in terms of the mobil- 
ity of the carrier. This expression may be equated 
to our expression for 7/i9 and the mobility solved 
for. In this way we arrive at a simple analytic 
expression for the mobility which is in general 
agreement with the theoretical equation derived 


CURRENTS IN 


GASES 37 


by Compton giving the proper variation of ko 
with X/p and X. The expression so obtained, 
however, contains a small term involving Ep. 
This is not surprising and arises in part from the 
assumptions made in evaluating Eq. (2) and in 
part from the fact that the electrons leaving the 
emitter do not at once attain their terminal 
energy. 

Another interesting result of this investigation 
is that one would have to go to field strengths of 
the order of 100 times those employed by Brad- 
bury to reach 3/4 saturation. This is in agree- 
ment with results of Sanders‘ who found that in 
the region immediately before breakdown of the 
gas by cumulative ionization, the current had not 
yet reached its saturation value. 

The authors wish to express their appreciation 
for the valuable criticisms of this manuscript by 
Dr. K. T. Compton of Massachusetts Institute of 
Technology and Professor L. B. Loeb of the 


University of California. 


4F,. H. Sanders, Phys. Rev. 41, 667 (1932). 








Radioactive Families 


Epna R. Bisnop, Alabama Polytechnic Institute 
(Received October 8, 1932) 


A large amount of data on isotopes of radioactive ele- 
ments obtained by the magneto-optic method combined 
with published observations obtained by orthodox radio- 


active methods has been interpreted in terms of the radio- 
active transformations shown diagrammatically in Tables I 
and II. 





HE associated papers of this group have 

set forth the experimental evidence indi- 
cating that the number of isotopes of the fol- 
lowing radioactive elements is _ respectively: 
uranium, eight;! thorium, eight;! radium, four; 
bismuth, fourteen;’ lead, sixteen;* and thallium, 
eight. 

The purpose of this paper is to present a 
scheme of transformation which will explain 
their relationships in a manner which combines 
the observations obtained by the orthodox 
radioactive procedure with those of the recently 
established magneto-optic technique. This ar- 
rangement is suggested not as a dogmatic 
expression but in the hope that it may serve as 
a guide to further investigations in this field. 


TABLES OF RADIOACTIVE FAMILIES 


The suggested scheme of radioactive transfor- 
mations is shown diagrammatically in Tables i 
and II. Each arrow pointing to the right repre- 
sents the loss of an alpha-particle, hence, a 
decrease of four in atomic mass and two in 
atomic number. Each arrow pointing to the left 
represents the loss of a beta-particle, hence, no 
change in mass and an increase of one in atomic 
number. In Table I, conventional nomenclature 
has been employed and expanded by the use of 
appropriate prefixes and subscripts. This method 
has become extremely awkward and cumber- 
some, therefore the same changes are shown in 


!Goslin and Allison, The Isotopes of Uranium, Thorium 
and Thallium, Phys. Rev. 43, 49 (1933). 

2 Bishop and Dollins, Radium Isotopes, Phys. Rev. 43, 
48 (1933). 

3 Allison and Bishop, Bismuth Isotopes, Phys. Rev. 43, 
47 (1933). 

* Bishop, Lawrenz and Dollins, Lead Isotopes, Phys. Rev. 
43, 43 (1933). 
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Table II employing the same name for all 
isotopes and indicating the mass by superscripts. 
The symbols Vi and Ab have been used for 
virginium and alabamine, respectively, in keep- 
ing with the vote of the American Chemical 
Society’s Committee’ on Nomenclature and with 
the approval of Dr. Fred Allison, Dr. Anna L. 
Sommer and Mr. J. H. Christensen. 


URANIUM™’ (RADIUM) FAMILY 


U*8 is the most abundant isotope and hence 
the one which has been known and studied. 
It is shown going through its well-known 
decomposition to Pb?’ (RaG) with three 
changes. In order to account for Ra®°, Th 
(UX,) is shown undergoing both alpha- and 
beta-decomposition. Ra®® then undergoes beta- 
decomposition, which together with the similar 
decomposition of Ra®*? accounts for the two 
distinct groups of beta-particles given off by 
radium.* The existence of Pb? and the relatively 
large amount of it found in uranium salts* 
indicates that the transition continues to Pb?®, 
RaC’”’ has been omitted for reasons explained 
later. 


URANIUM”? (THORIUM) FAMILY 


U* is shown undergoing exactly the same 
type of decomposition as U**’, This necessitates 
that it go through Th’, the most abundant 
thorium isotope. Beginning with Th the 
method of change is exactly like that of the 





5 This Committee wishes it understood that it is acting 
solely as a nomenclature committee and that its action is 
not to be construed as having any significance beyond the 
mere expression of preference for the symbols recommended 
insofar as the proposed names may be used. 

6 Hahn and Meitner, Phys. Zeits. 10, 741 (1909); Zeits. f. 
Physik 26, 161 (1924). 
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92-U | 91-Pa | 90-Th | 89-Ac | 88-Ra | 87-Vi | 86-Rn | 85-Ab | 84-Po | 83-Bi | 82-Pb | 81-TI 
ThU1 ThUX; MsThr 
240 Y 236 Y 232 
ThUX A | MsThi4 
236 4 232 
Thuii > Th > Thx s Tn ThA ThB 
236 232 228 “ 224 “ 220 'Y 216 
Thc * 
P 4 216 
Thc’ s ThD 
216 Y 212 
YY ThEY’ 
A 212 
ThF > ThG 
212 Y 208 
|, ThH # 
#4 208 
Thi Z, ThJ 
208 204 
AcU1 AcUX, 
239 J 235 
Pa; > Aci — Vir > Ab; AcC; AcC," 
235 231 227 223 r =6.219 YY 215 
AcUn AcU ¥; AcBi¥ 
235 A 231 215 
Pa2 > Ace > Vie > Ab; AcC; AcC,"" 
231 227 223 7 219 215 4 211 
vie” se 
1 
vi, > Abs AcE; AcE,” 
219 215 211 4 207 
7 AcG ¥ 
nae Ww 207 " 
cH, > AcH, 
207 4 203 
fale 
238 > 234 va 
4 
UX:*" e AcH 
~ 234 yy 230 
Ul > Io > Ra > Rn > RaA > RaB 
234 230 226 222 218 iY 214 
7 Race 
“A 214 
RaC’ RaD 
214 Y 210 
y RaE¥ 
4 210 
Po >» RaG 
210 ‘ me 206 
a 
a 206 
—_ > RaJ 
206 202 
AcU; AcUX;3 
237 mi 233 
Pa; > Ac; > Vis > Ab; AcC; eC,” 
_ 233 adie 229 225 221 217 acid 213 
cU,4 Cc 3 CD3 
233 Y 229 aA 213 
Pag vA > Ac, > Vig >» Ab, AcCi AcC,’’ 
229 225 221 A 217 213 YY 209 
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Vie X > Abs L ackX~ AcE,” 
217 213 209 Y 205 
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TABLE II , 
92-U 91-Pa 90-Th 89-Ac 88-Ra 87-Vi 86-Rn 85-Ab 84-Po 83-Bi 82-Pb 81-Tl | 
U~« ~» Th2% » Ra?23? 
Lp Pa ac <é Aca 
U2% > Th*%44 > Ra??8 _ Rn?! > Po > Pb? 
Bi2644 
Po2!6 ” » Pb?!2 
Bi2ltz-T 
Po2!2 a > Pb 
x Bi2%8%e-T 
Po? > Pb? 
U2 Th?* 
Pa2*s-q _ > Ac* , Vi2% » Ab23 > Bi2"9 >»TI25 
U2 > Th! Ls Pb2447 
Pa%tg Ac??? ~ Vi223 _, Ab2!9 , Bi ~T12"! 
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usual thorium family’ except that ThC’’ is 
omitted and that each member is an alpha- 
particle heavier than the mass usually assigned. 
This is required by the finding of Th, Th”, 
Ra**, Ra®’ and Pb?"* and the failure to find any 
Th*’ or Ra‘, To check the radium isotopes in 
this family, a concentrated solution of thorium 
was examined since no mesothorium was avail- 
able. The same four isotopes were found as in 
the radium solution and in the same order of 
abundance. Similar to the case of the U* 
family, the decomposition is continued to Pb®”. 
Further evidence for the inclusion of Pb*® and 
Pb* in this family is found in their relatively 
high abundance in thorium salts.’ In addition, 
Fajans® states that there is evidence that 
thorium D(Pb*®*) is an unstable element. 


7 Fajans, Radioactivity, p. 25, Methuen (1923); Ruther- 
ford, Chadwick and Ellis, Radiations from Radioactive 
Substances, p. 27, Macmillan (1930). 

8 Fajans, Radioactivity, p. 52, Methuen (1923). 


URANTUM®® #24 237 (ACTINIUM) FAMILIES 


No member of the actinium family has been 
isolated and its origin is uncertain. Piccard® 
first emphasized the idea of an independent 
actinium family coming from an isotope of 
uranium. Since that time, the idea has been 
advocated by many workers.'® Russell! in 1927 
suggested that actinium comes from _ proto- 
actinium*® and ends in Pb*’*. Other workers 
have generally proposed U* or U** as the 


® Piccard, Arch. sci. phys. Nat. [4] 44, 161 (1917). 

‘0 Adams, J. Am. Chem. Soc. 42, 2205 (1920). Russell, 
Phil Mag. [6] 46, 642 (1923); Nature 120, 402; 545 (1927). 
limori and Yoshimura, Sci. Papers Inst.; Phys. Chem. Res. 
Tokyo 5, 11 (1926). Wilkins, Phys. Rev. [2] 29, 352 (1928). 
Rutherford, Nature 123, 313 (1929). Elsen, Zeits. anorg. 
allgem. Chem. 180, 304 (1929). Piggot, J. Am. Chem. Soc. 
52, 3161 (1930). Holmes, Nature 126, 348 (1930). Kovarik, 
Science 72, 122 (1930). Wildesh, J. Am. Chem. Soc. 52, 
163 (1930). Fournie:, Comptes Rendus 190, 1408 (1930). 
Fajans, Radioactivity and Isotopes, McGraw-Hill (1931). 

1 Russell, Nature 120, 402 (1927), 
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source and Pb’ as the end product. This idea 
received experimental support in the relatively 
high amount of Pb**? as compared with Pb? 
found by Aston” in lead extracted from brogerite, 
pitchblende and uraninite and by Rose and 
Granath® in Belgium Congo uranium lead. The 
number and masses of the uraniums! and leads‘ 
recently found require both these families and 
also that they be considerably expanded. 

It is an established fact" that atoms containing 
an even number of nuclear electrons are much 
more abundant and stable than those containing 
an odd number and that the number of stable 
species of atoms of the former is also very much 
larger. Since uranium is of even atomic number, 
U9, U7, U2 and U* would each contain an 
odd number of nuclear electrons, hence, it seems 
likely that these isotopes would early undergo a 
single beta-transformation and then continue 
through elements of odd atomic number as 
shown in Tables I and II. This is further required 
by the failure to find radium isotopes appropriate 
to these families. Parallel decompositions are 
necessary in these families in order to satisfy 
the displacement law and the masses of the 
uranium and lead isotopes found. 

This suggested method of transformation 
includes both virginium and alabamine in the 
radioactive family. To test this hypothesis, 
C.P. uranium chloride, a special Kolm uranium 
supplied by Dr. C. S. Piggot, samarskite, pitch- 
blende, carnotite and monazite sand were ex- 
amined by the magneto-optic method for vir- 
ginium and alabamine. Both were found in 
every case. 

This decomposition scheme would give an 
atomic weight for alabamine between 213 and 
223, however 223 and 219 would contribute more 
to the weight than 221 and 217 because the 
uraniums, thoriums, thalliums, bismuths and 
leads of the U*** family are more abundant than 
the corresponding members of the U*’ family. 
As only part of the alabamine goes through 213 
and 215, their contribution to the atomic weight 
would be small. This is in good agreement with 


12 Aston, Nature 123, 313 (1929); 129, 649 (1932). 
13 Rose and Granath, Phys. Rev. 40, 761 (1932). 
44 Harkins, Chem. Rev. 5, 371 (1928). 


the value 221 previously found and would give 
Virginium an atomic weight of 225. In order to 
account for actinon and the six isotopes of 
virginium,'* alabamine is shown undergoing both 
alpha- and beta-decomposition. This would also 
account for the beta-radiation found by Ruther- 
ford"’ in his recent study of actinium emanation. 
Opportunity is offered to place the unexplained 
UY and UZ'* as there are several new isotopes 
of elements 90 and 91. 


TRANSFORMATIONS OF C ELEMENTS 


Much study has been made of the C bodies or 
isotopes of bismuth. They were early shown to 
undergo both alpha- and beta-decomposition'® 
which has been confirmed by a large amount of 
later work. The beta-transformation predomi- 
nates in the case of radium C and thorium C 
whereas alpha-transformation predominates in 
the case of actinium C,”° i.e., the major change 
is taking place in such a way as to produce or 
keep an even number of nuclear electrons. 
However, it seems likely that the C bodies 
studied were of greater complexity than formerly 
realized and that the alpha-radiations came from 
bismuth isotopes of odd atomic mass and the 
beta-rays from those of even atomic mass. This 
is substantiated by the study of thallium and 
bismuth isotopes. Thallium' has eight isotopes 
which, if assigned consecutive odd masses from 
201 to 215 inclusive, have the same order of 
abundance as leads of the same mass‘ except for 
the reversal of 203 and 211, whose minima appear 
in such close succession that the order cannot be 
determined with great certainty. This is con- 
sistent with the scheme presented in Tables I 


8 Allison, Bishop and Sommer, J. Am. Chem. Soc. 54, 
616 (1932). 

6 Allison, Bishop, Sommer and Christensen, J. Am. 
Chem. Soc. 54, 613 (1932). 

7 Rutherford, Proc. Roy Soc. A136, 392 (1932). 

18 Rutherford, Chadwick and Ellis, Radiations from Ra- 
dioactive Substances, p. 31, Macmillan (1930). 

1? Fajans, Phys. Zeits. 12, 369 (1911); Habilitations- 
schrift, Karlsruhe (1912). Marsden and Barratt, Phys. 
Zeits. 13, 193 (1912). Marsden and Wilson, Nature 92, 29 
(1913). Marsden and Perkins, Phil. Mag. [6 ]27, 690 (1914); 
Jahrb. Radioakt. Elektronik. 11, 211 (1914). 

20 Rutherford, Wynn-Williams and Lewis, Proc. Roy. 
Soc. (London) 133, 351 (1931). 
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and II whereby thallium emits a beta-particle 
and forms leads of odd atomic masses. 

The number of isotopes found for bismuth® is 
that required by this scheme and the order of 
their abundance is consistent with that found 
for other radioactive elements. As would be 
expected, the isotopes of odd mass which are 
alpha-radiators are more abundant than those 
of even mass which are second beta-radiators. 

In its present form this plan includes six 
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isotopes each of protoactinium, actinium and 
alabamine, four of radon and eight of polonium. 
Since radon is an inert gas, it will not lend itself 
to study by this method in its present state of 
development. Plans are being made to study 
the isotopic composition of the other members 
of the radioactive family. 

I wish to express my appreciation to Dr. Fred 
Allison for the use of his apparatus, and to Mr. 
C. B. Dollins for assistance in reading minima. 











Lead Isotopes 


Epna R. BisHor, MARGARET LAWRENZ AND C. B. Do..ins, Alabama Polytechnic Institute 
(Received October 8, 1932) 


The magneto-optic method shows that lead has sixteen 
isotopes of probable mass and order of abundance 208, 206, 
207, 205, 212, 210, 204, 202, 203, 211, 201, 209, 216, 215, 
214 and 213. All sixteen isotopes of lead were found in C.P. 
uranium and thorium salts. 206, 210, 202 and 214 predom- 
inated in uranium salts, while 208, 216, 204 and 212 
predominated in thorium salts. The differential time lag 
varies directly with the weight of the isotopes of a given 


element. The amount of isotope present is some unknown 
inverse function of the concentration necessary to read its 
minimum so that the order of appearance of minima gives 
the order of abundance but not the relative abundance of 
isotopes. The order of abundance of isotopes is also given 
by the amount of rotation of the analyzing nicol necessary 
to extinguish their minima. 





HE magneto-optic method! is useful in the 
study of isotopes’ since the number of dif- 
ferential time lags (detected by minima of light 
intensity) characteristic of any inorganic com- 
pounds is equal to the number of isotopes of the 
cation. 

Lead was chosen for further study of isotopic 
relations obtained by this method of analysis be- 
cause of the partial separation of its isotopes in 
nature. Three problems were investigated; the 
number of lead isotopes, the time lag as a func- 
tion of the mass of the isotopes, the quantitative 
relation between the concentration at which the 
minima appear, and the relative abundance of 
the isotopes. 

For the determination of the number of iso- 
topes, C.P. chemicals were used at a concentra- 
tion of about one part in 10" of water redistilled 
from Pyrex. Solutions of each compound were 
prepared from at least two independent sources 
and examined on different sets of apparatus by at 
least three different observers,’ two working in 
this laboratory and one at Emory University. The 
location of minima was reproducible by the same 
or different observers in both laboratories within 
0.01 scale division. If a desired compound was 
not available, it was obtained by adding a solu- 
tion of a lead-free compound of the required anion 


1 Allison and Murphy, J. Am. Chem. Soc. 52, 3796 (1930). 

2 Allison and Murphy, Phys. Rev. [2] 36, 1097 (1930); 
Allison, Ind. Eng. Chem. (Anal. Ed.) 4, 9 (1932); Bishop, 
Phys. Rev. [2] 40, 16 (1932). 

3 We acknowledge with thanks the further checking of 
many of the minima by Dr. Fred Allison and Mr. Roy 
Goslin. 
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to a nitrate or chloride solution of the cation 
being studied. 

Four different lead compounds were studied 
and sixteen minima found for each as shown in 
Table I. 

In order to study the time lag as a function of 
the mass of the isotopes, uranium and thorium 
compounds were examined for lead minima. One 
was expected in each, Pb*®* in uranium and Pb? 
in thorium. However, concentrated solutions of 
either gave all sixteen of the lead minima. As the 
solutions were made more dilute, a concentration 
was reached at which each solution gave only one 
lead minimum which is therefore attributed to 
Pb*"* and Pb*"’, respectively, as shown in Table I. 
This substantiates former evidence’ that the time 
lag varies directly with the mass of the isotopes 
of a given element. It further shows that there 
are five isotopes lighter than 206 and eight heavier 
than 208. Consecutive weights have been tenta- 
tively assigned to them as being the most prob- 
able. This is further substantiated by quantita- 
tive work. 

For the quantitative study, the method em- 
ployed consisted of finding the smallest amount of 
substance which would produce the light mini- 
mum characteristic of each isotope. Stock solu- 
tions were prepared by dissolving a weighed 
amount of salt in 100 cc of water. From these a 
series of dilutions was prepared by successively 
diluting 10 cc to 100 cc. The most dilute was 
examined for lead chloride minima and then each 
consecutive increasing concentration until the 
minima appeared. Let the concentration in which 
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TABLE I. Scale readings and differential time lags with respect to carbon disulfide of lead isotopes in different compounds. 














Probable PbCl. Pb(NOs)2 PbSO, Pb;(PO,4)2 
atomic mass Scale Scale Scale Scale 
of lead isotopes reading Sec. X 10° reading Sec. x10? reading Sec. < 10° reading Sec. X 105 
201 37.90 — 22.90 10.52 4.48 25.72 — 10.72 48.80 — 33.80 
202 37.79* — 22.79 10.46* 4.54 25.61* — 10.61 48.62* — 33.62 
203 37.68 — 22.68 10:39 4.61 25.45 — 10.45 48.40 — 33.40 
204 37.50 — 22.50 10.30 4.70 25.36 — 10.36 48.22 — 33.22 
205 37.40 — 22.40 10.16 4.84 25.23 — 10.23 48.02 — 33.02 
206 37.30* — 22.30 10.08* 4.92 25.12* — 10.12 47.72* — 32.72 
207 37.08 — 22.08 9.95 5.05 24.90 — 9.90 47.50 — 32.50 
208 36.90** — 21.90 9.90** 5.10 24.72** — 9.72 47.40** — 32.40 
209 36.78 — 21.78 9.85 §.15 24.60 — 9.60 47.25 — 32.25 
210 36.68* — 21.68 9.80* 5.20 24.49* — 9.49 47.10* — 32.10 
211 36.59 — 21.59 9.71 5.29 24.36 — 9.36 47.00 — 32.00 
212 36.50 — 21.50 9.60 5.40 23.92 — 8.92 46.84 — 31.84 
213 36.40 — 21.40 9.53 5.47 23.82 — 8.82 46.70 — 31.70 
214 36.28* — 21.28 9.49* 5.51 23.62* — 8.62 46.53* — 31.53 
215 36.19 — 21.19 9.44 5.56 23.50 — 8.50 46.38 — 31.38 
216 36.10 — 21.10 9.33 5.67 — 31.24 


23.38 — 8.38 46.24 











* The four most abundant lead isotopes given by a solution of the corresponding uranium compound. 
** Most abundant isotope given by a solution of the corresponding thorium compound. 


the minima appeared be 1/10"*' of the stock 
solution. A 10 cc burette was then filled with 
1/10"*? solution which was added in % cc por- 
tions to a cell containing approximately 50 cc of 
water and examined for lead chloride minima 
between each addition until they appeared. This 
gave the concentration range in which to work. 
An accurate solution was then prepared corre- 
sponding to the most concentrated that did not 
produce minima. By means of a specially cali- 
brated pipette 49.75 cc of this solution was trans- 
ferred to a clean cell and the 1/10"*? solution was 
added from the burette drop by drop until each 
minimum just appeared. The concentration with 
respect to the stock solution, at which each 
minimum appears is the concentration placed in 
the cell increased by as many tenths as there 
were twentieths of cc added from the burette. 
The absolute concentration is given by multiply- 
ing this value by the g/cc in the stock solution. 

A lead chloride solution was determined in this 
manner. The process was repeated adding a 
small amount of sodium ammonium phosphate 
which had been shown to be free from lead by 
testing with the magneto-optic method. Lead 
chloride and lead phosphate minima were read 
simultaneously. The minima became visible in 
pairs at the same concentration as when the 
chloride only was present. All minima in these 
quantitative studies were set on “‘in the dark.” 
One person set the scale near the known location 


of a minimum. Another person looked to see 
whether or not he could detect that minimum in 
the given concentration. As the observer did not 
know which of the possible sixteen minima he 
was trying to set on or which were the pairing 
ones between the chloride and phosphate, the ob- 
servations were highly objective. Similar simul- 
taneous determinations of lead chloride and 
phosphate were made of uranium and thorium 
salts. The results are shown in Table IT. 

In ordinary lead, the order of appearance of 
the first three minima could be determined with 
certainty and are in agreement with the order of 
abundance as found by Aston.‘ After that, the 
minima appeared in such close succession that it 
was very hard to distinguish their order. They 
are arranged in their most probable order as given 
by several different determinations. After the 
completion of this work, it was found that, if the 
analyzing nicol were rotated, the minima would 
disappear in inverse order of abundance of the 
isotopes. Ordinary lead was rechecked by this 
method with the phosphate at a concentration of 
approximately one part of lead in 10° of water. 
Minima were obtained with the circle reading 90° 
and turned toward 0° to extinguish them so that 
a minimum circle reading corresponds to a maxi- 
mum rotation and hence the most abundant iso- 
tope. By rotating the nicol it was possible to make 


* Aston, Nature 120, 224 (1927); 129, 649 (1932). 
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TABLE II. Probable order of abundance of lead isotopes in ordinary lead, uranium and thorium salts. 
Ordinary lead Uranium salt Thorium salt 
Concentration Circle Concentration Concentration 
in g/cc X10" at reading in g/cc X 10* of in g/cc X 10* of 
which minima at which uranium at which thorium at which 
Atomic first became minima first Atomic minima first Atomic minima first 

mass visible disappeared mass became visible mass became visible 

208 3.15 54°57’ 206 4.05 208 4.30 

206 3.25 rd 210 4.10 216 4.60 

207 3.30 55°11’ 202 4.10 204 4.70 

205 3.34 55°18’ 214 4.10 212 4.70 

212 3.38 55°24’ 207 4.20 206 4.85 

210 3.40 $3°32" 208 4.20 207 4.85 

204 3.40 55°40’ 215 4.20 202 4.90 

202 3.40 55°43’ 203 4.20 205 4.90 

203 3.40 55°46’ 205 4.30 214 4.90 

211 3.40 55°48’ 204 4.30 211 4.90 

201 3.40 55°49’ 209 4.30 209 4.90 

209 3.40 55°51’ 211 4.30 210 4.90 

216 3.40 Se ty 212 4.30 203 4.90 

215 3.45 55°58’ 213 4.30 213 4.90 

214 3.45 56°1’ 216 4.30 215 4.90 

213 3.45 56°12’ 4.30 201 4.90 


201 


EE 











finer discriminations between the appearance of In uranium salts, the Pb?°* has a very slight 


the minima than formerly. The results, shown in 
Table II, obtained by employing this new method 
were in good agreement with previous results. 
Aston® has recently found eight isotopes of lead 
and finds the determination of the abundance of 
all but the first three uncertain. His most prob- 
able order (208, 206, 207, 204, 209, 210, 203 and 
205) however, differs from the results of this in- 
vestigation. 

Schiiler and Jones® reported spectroscopic 
evidence for Pb*’* and later suggested’ that As- 
ton’s Pb?" and Pb” might be due to thallium 
with which they are isobaric. Such could not be 
the case in this work as determinations were made 
at threshold concentrations, i.e., between 3 and 
10 parts of lead in 10" of water redistilled from 
Pyrex so that any contamination would have had 
to be present in amounts comparable to that. of 
lead which is highly improbable in several differ- 
ent samples of C.P. salts. Further, isobars do not 
give coincident minima as the time lag varies 
inversely with the equivalent weight of different 
cations and directly for isotopes of the same ele- 
ment and, since the time lag is a function of 
equivalent weight, the minima for thallium which 
is uni- and trivalent are far removed from those 
of divalent lead. 

5 Aston, Nature 129, 649 (1932). 

6 Schiiler and Jones, Naturwiss. 20, 171 (1932). 

7 Schiiler and Jones, Nature 129, 833 (1932). 


lead over the other fifteen isotopes. It was fol- 
lowed very closely by Pb*®, Pb*®? and Pb*" after 
which the rest appeared in such close succession 
that no order could be established. Since Pb*!° 
and Pb*"* are known to be transition products in 
the uranium-radium series, this gives experi- 
mental evidence for the assignment of consecu- 
tive atomic masses and suggests that Pb?’ may 
undergo further decomposition to form Pb?®, 
The first four lead minima that appeared in each 
uranium compound are shown in Table I. 

In thorium salts, on the other hand, Pb?®’ had 
considerable lead. It was followed by Pb?!®, Pb? 
and Pb?” which suggests that all of these may be 
successive products in the decomposition of 
thorium. They could not be due to contamination 
of ordinary or uranium lead as their relative 
abundance is higher than in either of these. The 
other minima appeared in such close succession 
that no order could be established with certainty. 
The first lead to appear in each thorium com- 
pound is shown in Table I. 

From the concentrations at which lead minima 
were read (Table II), the concentration of lead in 
uranium and thorium was approximately one 
part in 10°. This is more than could have been 
formed since the preparation of the respective 
salts. The amount, however, might easily be 
present as an impurity in a C.P. salt but the 
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uranium and thorium leads would be a more 
likely source of contamination than ordinary 
lead. This is substantiated by the very different 
isotopic composition. 

This work is in agreement with former evi- 
dence? that the abundance of the isotopes is an 
inverse function of the concentration at which 
their minima are first detected. Since this func- 
tion is still undetermined, only the order of 
abundance and not the relative abundance of the 
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isotopes can be found. It is clear that they exert 
some kind of mutual influence over each other 
and appear at concentrations very close together 
even though their relative abundance may be 
widely separated. 

We wish to express our appreciation to Dr. 
Fred Allison for the use of his apparatus and for 
his constant interest and cooperation in the work, 
and to Dr. C. S. Piggot for critical reading of the 
manuscript. 











Bismuth Isotopes 


FRED ALLISON AND Epna R. Bisnop, Alabama Polytechnic Institute 
(Received October 8, 1932) 


The magneto-optic method shows that bismuth has fourteen isotopes. 





STUDY of three different compounds of | which indicates that bismuth has fourteen 
bismuth by the magneto-optic method,' | 


employing the same technique as in the study of 


isotopes. The data are shown in Table I. 
The probable masses assigned are those re- 


lead isotopes,? shows fourteen minima for each | quired by the accompanying paper*® and the 


TABLE I. Scale readings and differential time lags with respect to carbon disulfide of bismuth isotopes in various compounds. 








Probable 





Chloride Sulfate Phosphate 

atomic mass Order of Scale Scale Scale 

of bismuth abundance reading Sec. X 10° reading Sec. X 10° reading Sec. X 10° 
205 10 32.47 — 17.47 25.18 — 10.18 45.16 — 30.16 
206 11 32.37 —17.37 25.09 — 10.09 44.96 — 29.96 
207 9 32.26 — 17.26 25.00 — 10.00 44.76 — 29.76 
208 12 32.17 —17.17 24.90 — 9.90 44.57 — 29.57 
209 3 32.08 — 17.08 24.81 — 9.81 44.40 — 29.40 
210 2 32.01 —17.01 24.70 — 9.70 44.20 — 29.20 
211 1 31.90 — 16.90 24.61 — 9.61 44.03 — 29.03 
212 + 31.82 — 16.82 24.52 — 9.52 43.84 — 28.84 
213 7 31.72 — 16.72 24.43 — 9.43 43.64 — 28.64 
214 6 31.63 — 16.63 24.34 — 9,34 43.46 — 28.46 
215 5 31.54 — 16.54 24.26 — 9.26 43.27 — 28.27 
216 8 31.44 — 16.44 24.18 — 9.18 43.08 — 28.08 
217 14 31.36 — 16.36 24.08 — 9.08 42.88 — 27.88 
219 13 31.26 — 16.26 24.00 — 9.00 42.70 — 27.70 








direct variation of mass of isotopes with the time 
lag.” 

The order of abundance was determined by 
both the dilution® and rotation of the nicol® 
method. 

The bismuth solution used was tested for 


! Allison and Murphy, J. Am. Chem. Soc. 52, 3796 (1930); 
Allison, Ind. Eng. Chem. (Anal. Ed.) 4, 9 (1932). 

* Bishop, Lawrenz and Dollins, Lead Isotopes, Phys. Rev. 
43, 43 (1933). 
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uranium which was found present in approxi- 
mately one part in 10°. This explains the presence 
of the heavy, short-lived isotopes. 

We wish to express our thanks to Dr. C. S. 
Piggot for his interest in this work, which forms a 
part of a general program of the study of elements 
of the radioactive series. We also thank Mr. R. E. 
Wingard for assistance in reading the minima. 


3 Bishop, 
(1933) 


Radioactive Families, Phys. Rev. 43, 38 











Radium Isotopes 


Epna R. BisHop AND C. B. Do.uins, Alabama Polytechnic Institute 
(Received October 8, 1932) 


The magneto-optic method shows that radium has four 
isotopes. The probable masses in order of decreasing 


abundance are 226, 228, 230 and 232. 





HE investigation of radium isotopes was 
suggested and made possible by Dr. C. S. 
Piggot who furnished a standard radium solution 
from which a solution containing approximately 
one part of radium in 10" of water was prepared. 
The compounds desired were obtained by adding 
a trace of hydrochloric acid, sodium sulfate and 
sodium ammonium phosphate. Sulfur dioxide 
was bubbled through the solution to assure the 
absence of UO.Cl. whose minima are near those 
of radium chloride. The solution was then 
examined by the magneto-optic method! for 
minima of radium compounds. Four minima 
appropiate to each of the radium compounds 
were found as shown in Table I. 
The order of abundance of the isotopes was 


! Allison and Murphy, J. Am. Chem. Soc. 52, 3796 (1930); 
Allison, Ind. Eng. Chem. (Anal. Ed.) 4, 9 (1932). 

? Bishop, Lawrenz and Dollins, Lead Isotopes, Phys. Rev. 
43, 43 (1933). 


determined by rotating the analyzing nicol.? The 
most abundant isotope must correspond to 
ordinary radium of mass 226. Since the mass of 
isotopes varies directly with the time lag or 
inversely with the scale reading,? all other 
isotopes must be heavier. This means there is no 
radium for the U*" family* and therefore by 
analogy none for the U*® family,’ hence, con- 
secutive even atomic masses are most probable. 
This will be further supported in the accom- 
panying paper.*® Isotopes of these masses indicate 
an atomic weight greater than 226, whereas the 
chemically determined value is 225.97. This 
seems reasonable because of the radioactivity of 
the element and the probable short life of the 
heavier isotopes which would result in the 
formation of decomposition products during the 
process of the atomic weight determination. 


3 Bishop, Radioactive Families, Phys. Rev. 43, 38 (1933). 


TABLE I. Scale readings and differential time lags with respect to carbon disulfide of radium isotopes in various compounds 
arranged in order of decreasing abundance. 











Probable Chloride Sulfate Phosphate 
atomic mass Scale Scale Scale 
of radium reading Sec. x 10° reading Sec. < 10° reading Sec. X 10° 
226 39.24 — 24.24 26.90 — 11.90 50.44 —35.44 
228 38.97 — 23.97 26.69 — 11.69 50.28 —35.28 
230 38.80 — 23.80 26.39 — 11.39 50.15 — 35.15 
232 38.60 — 23.60 26.09 — 11.09 50.00 — 35.00 





























The Isotopes of Uranium, Thorium and Thallium 


Roy GosLIn AND FRED ALLISON, Department of Physics, Alabama Polytechnic Institute 
(Received October 8, 1932) 


The magneto-optic method shows eight isotopes each for uranium, thorium and thallium 





MORE intensive study, by means of the 

magneto-optic method,' has been made of 
the isotopic composition of uranium, thorium and 
thallium. The technique employed has _ been 
described by Bishop, Lawrenz and _ Dollins.? 
Eight isotopes have been found for each of the 
three elements. These results are based upon the 
correspondence of the number of the character- 





istic minima of a compound to the number of 
isotopes of the cation. The approximate order of 
abundances of the isotopes has been determined 
from the concentrations at which the respective 
minima make their threshold appearances.” Each 
element was examined in at least three com- 
pounds as shown in Tables I-III. The probable 
masses* and the approximate order of abundance 


TABLE I. Scale readings and differential time lags with respect to carbon bisulfide of uranium isotopes in various compounds. 











Probable 
atomic mass Probable UCI, UCI, U(SO,4)> U;(PO,), 
ofuranium  orderof Scale Scale Scale Scale 
isotopes abundance reading Sec. x10° reading Sec. x10° reading Sec. 10° reading Sec. X10° 
240 3 29.43 — 14.43 22.92 —7.92 22.99 —7.99 39.53 — 24.53 
239 2 29.54 — 14.54 23.02 —8.02 23.11 —8.11 39.73 — 24.73 
238 1 29.62 — 14.62 23.10 —8.10 23.19 —8.19 39.94 — 24.94 
237 5 29.65 — 14.65 23.20 — 8.20 23.27 —8.27 40.24 — 25.24 
236 8 29.73 — 14.73 23.30 — 8.30 23.37 —8.37 40.42 — 25.42 
235 6 29.83 — 14.83 23.40 — 8.40 23.48 — 8.48 40.62 — 25.62 
234 4 29.91 — 14.91 23.51 —8.51 23.57 —8.57 40.85 — 25.85 
233 7 30.00 — 15.00 23.62 —8.62 23.65 —8.65 41.12 — 26.12 








TABLE II. Scale readings and differential time lags with respect to carbon bisulfide of thorium isotopes in various compcunds. 











Probable 
atomic mass Probable ThCl, Th(SO,)2 Th;(PO,), 
of thorium order of Scale Scale Scale 
isotopes abundance reading Sec. x 10° reading Sec. x 10° reading Sec. X 10° 
236 5 26.10 —11.10 19.57 —4.57 36.00 — 21.00 
235 4 26.19 —11.19 19.65 — 4.65 36.20 — 21.20 
234 3 26.28 —11.28 19.72 —4.72 36.35 — 21.35 
233 7 26.40 —11.40 19.87 — 4.87 36.48 — 21.48 
232 1 26.50 — 11.50 19.98 — 4,98 36.64 — 21.64 
231 8 26.60 — 11.60 20.10 —5.10 36.83 — 21.83 
230 2 26.70 — 11.70 20.21 —5.21 36.95 — 21.95 
229 6 26.80 — 11.80 20.30 —5.30 37.10 — 22.10 








of the isotopes, together with the scale readings 
of the minima and the differential time lags with 


! Allison, Ind. and Eng. Chem. (Anal. Ed.) 4, 9 (1932); 
Allison, Preprint, Amer. Inst. Mining and Metallurgical 
Engineers. 

2 Bishop, Lawrenz and Dollins, Lead Isotopes, Phys. Rev. 
43, 43 (1933). 
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respect to carbon disulfide, are indicated in the 
tables. 

The detection of these new isotopes, which 
were not noted in an earlier investigation,’ is to 


3 Bishop, Radioactive Families, Phys. Rev. 43, 38 (1933). 
‘ Allison and Murphy, Phys. Rev. 36, 1097 (1930). 
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TABLE III. Scale readings and differential time lags with respect to carbon bisulfide of thallium isotopes in various compounds. 














Probable 
atomic mass_ Probable TIC TI.SO, T1;PO,4 
of thallium order of Scale Scale Scale 
isotopes abundance reading Sec. x 10° reading Sec. X 10° reading Sec. X 10° 
215 7 42.06 — 27.06 29.67 — 14.67 54.50 — 39.50 
213 8 42.19 — 27.19 29.81 — 14.81 54.64 — 39.64 
211 3 42.33 — 27.33 29.91 — 14.91 54.80 — 39.80 
209 6 42.40 — 27.40 30.00 — 15.00 54.98 — 39.98 
207 1 42.51 —27.51 30.08 — 15.08 55.14 — 40.14 
205 2 42.65 — 27.65 30.22 —15.22 55.30 — 40.30 
203 4 42.81 — 27.81 30.32 — 15.32 55.44 — 40.44 
201 5 42.95 — 27.95 30.47 — 15.47 55.64 


— 40.64 








be attributed to more available time for their 
study and to further improvements in the 
technique. A reexamination of many other 
elements, it is believed, may reveal additional 
minima and hence additional isotopes. Such an 
investigation is contemplated in this laboratory. 

We have pleasure in acknowledging our 


indebtedness to Dr. C. S. Piggot for much 
helpful cooperation, at whose suggestion these 
investigations were undertaken. We wish to 
express our appreciation to Miss Edna R. Bishop 
for collaboration in some of the work. We wish 
also to thank Mr. R. E. Wingard for valuable 
assistance in making observations. 








Isotopes of Uranium, Thorium and Lead, and Their Geophysical Significance 


CHARLES SNOWDEN PiGGoT, Geophysical Laboratory, Carnegie Institution of Washington 
(Received October 14, 1932) 


In an effort to improve the data required in the calcu- 
lation of geologic age a determination of the isotopes of 
the elements involved in the radioactive disintegrations 
(At. Nos. 81-92) was made by the magneto-optic tech- 
nique of Allison. There appear to be four radioactive series 
beginning with eight isotopes of uranium (two to each) 
and ending with sixteen isotopes of lead (four to each). 
The relations of the constituent isotopes of uranium to 


those of lead in a mineral are complex, and vary somewhat 
from mineral to mineral. Ordinary lead and radioderived 
lead possess different isotopic compositions though both 
apparently derive from the same ultimate source. The 
isotopic composition of lead changes with its age. The most 
accurate age determination would be obtained by con- 
fining the calculation to the U** and Pb®* isotopes re- 
spectively. 





HE most reliable of the several methods for 

the determination of geologic time is the 
one involving the ratio existing between the 
uranium occurring in any certain mineral and the 
lead produced from that uranium by the proc- 
esses of radioactive disintegration. It is free from 
the great uncertainties associated with the other 
methods, and depends upon phenomena and 
facts which maybe observed and tested within 
the laboratory. However, this method also has 
its own uncertainties. There is the possibility of 
the contamination of the radioderived lead by 
ordinary lead. In addition to this the almost 
universal presence of thorium introduces other 
probable errors. Obviously also the fundamental 
data are multiplied by a factor of 10" (years) and 
it is highly desirable that they represent, as 
closely as possible, the actual substances which 
are represented by the formula. The chemical 
analysis of a mineral, upon which the ratio de- 
pends, gives all of the uranium and all of the lead, 
whereas the formula represents only a particular 
uranium and the particular lead derived from it. 
Could this particular uranium and lead be identi- 
fied and estimated the data would then corre- 
spond with those theoretically implied by the 
formula. In order to accomplish this it was 
necessary to determine the various isotopes of 
uranium and of lead and to determine as far as 
possible their relative abundance. 

Professor Aston’s cooperation was secured and 
in 1927 he determ‘ned the principal isotopes of 
ordinary lead and in 1929 those of radioderived 
lead, using samples of lead tetramethyl pre- 
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pared for the purpose and supplied to him by 
Piggot.! These determinations settled several 
moot questions. They demonstrated that the ac- 
cepted atomic weight 207.2 is a statistical mean 
of at least three isotopes (and probably more) and 
that one of these principal isotopes has a mass of 
207 and is in all probability the end product of 
the actinium series. Furthermore, they demon- 
strated that radioderived lead has a different 
isotopic composition from ordinary lead. For, 
whereas in the latter the order of abundance of 
the respective isotopes is 208, 206, 207, in radio- 
derived lead it is 206, 207, 208. The significance 
of these findings, from the point of view of the 
problem of geologic time, has been discussed by 
Piggot elsewhere.” 

However, because of the rather wide limits of 
error which Aston assigned to his figures, and 
because, as yet, there was little known about 
the particular isotope of uranium from which the 
206 lead came, the formula for the calculation of 
geologic age was not greatly refined. This aspect 
of the situation was discussed by Fenner in a 
letter to the Editor of Nature.* 

There remained a pressing need for more 
knowledge of the isotopic composition of uranium 
and of lead, and in particular of samples of 
uranium and of the lead found associated with it 
in uranium minerals whose geologic and petro- 
graphic associations precluded, as far as possible, 
any contamination by ordinary lead; and which 


1F. W. Aston, Nature 120, 224 (1927); 123, 313 (1929). 
2C.S. Piggot, J. Am. Chem. Soc. 52, 3161 (1930). 
3C, N. Fenner and C. S. Piggot, Nature 123, 793 (1929). 
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also showed no signs of alteration, weathering, 
or enrichment of either of the principal consti- 
tuents. This problem of the determination of the 
isotopes of uranium proved most baffling, despite 
the generous cooperation of Dr. Gomberg, Dr. 
Bainbridge, and others.‘ 

Meanwhile Bishop and Lawrence, working in 
Professor Allison’s laboratory, were studying lead 
by the magneto-optic technique, and had con- 
firmed Aston’s findings that the order of abun- 
dance of the three principal isotopes of ordinary 
lead is Pb™, Pb, Pb’, while in radio- 
derived lead the order of these three is Pb”, 
Pb”, Pb. In October, 1931 a cooperative 
undertaking was agreed upon between Dr. 
Allison and the writer which had as its objective 
the determination of the isotopes of all the 
elements from atomic No. 81 to atomic No. 92. 
This agreement, together with a continuation of 
investigations under way in Professor Allison’s 
laboratory, has resulted in the determination of 
the isotopes of many of the radioactive elements 
and the correlation of the data so obtained into a 
system of radioactive interrelationships. This 
paper, and those accompanying it, constitute a 
report of the progress of this joint undertaking. 
The particular details appropriate to each sub- 
division of the problem are given in the individual 
papers but all the work was done with the 
essential unity of the investigation in mind. Each 
observation was repeated by several different 
observers and in many cases with more than one 
apparatus. 

The findings have proved to be far more exten- 
sive and involved than was at first anticipated, 
and the explanation and interpretation of the 
data obtained have been a most difficult task to 
perform. These papers, therefore, seek to present 
the facts as we have obtained them, and to offer a 
suggested interpretation and scheme of the inter- 
related substances which does as little violence as 
possible to accepted and orthodox conceptions of 
radioactivity, in the hope that it may serve as a 
guide to the further elucidation of the many per- 
plexing problems associated with the radioactive 
substances. 

Samples for study were selected as follows: 
uranium from C.P. uranium chloride; thorium 


4 Dr. A. C. Lane and his Committee on the Determina- 
tion of Geologic Time, of the National Research Council. 
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from C.P. thorium chloride; radium from a 
standard radium solution; bismuth from C.P. 
bismuth chloride; lead from C.P. lead chloride; 
thallium from C.P. thallium chloride; uranium 
and its associated lead extracted from radium ore 
from Haut Katanga, Belgian Congo; uranium 
and its associated lead extracted from the pitch- 
blende of the deposit at LaBine Point, Great 
Bear Lake, Canada;* uranium and its associated 
lead from Swedish kolm. The kolm sample was 
collected by Professor A. H. Westergaard.’? The 
uranium and lead were obtained from the kolm 
by Dr. R. C. Wells in the course of his analysis of 
that material; lead extracted from Joachimsthal 
pitchblende residues. 

The respective elements were weighed in the 
form of dry salts and added to distilled water® to 
produce concentrations of the order of magnitude 
stated. When tested in the several magneto- 
optic apparatuses’ in Professor Allison’s labo- 
ratory they gave the results and correlations 
shown in the accompanying tables and Figs. 2 
and 3, which, we believe, demonstrate that 
uranium possesses eight isotopes, thorium 
eight, radium four, bismuth fourteen, lead six- 
teen, and thallium eight.'!° The tables show the 
manner in which laboratory notes are taken by 
the observer using the lead data as an example, 
and indicate how the various isotopes ‘‘make 
their appearance,” or ‘“‘come in’”’ as the concen- 
tration is increased by small increments, begin- 
ning with a dilution so attenuated that no 
minimum occurs, and continuing until one is just 
discernible to the observer. 

An observation at which the observer discerns 
no effect at all is marked with a minus sign (—); 
a slight suggestion of a diminution of the intensity 


5 The ore was as received at the Oolen plant of the 
Société Générale Métallurgique de Hoboken, and was 
obtained through the good offices of His Excellency, the 
Belgian Ambassador, Prince de Ligne, and F. Pisart of the 
Société Générale Métallurgique, Brussels. 

’ By Dr. J. P. Marble while determining the atomic 
weight of this lead, and kindly supplied by him. 

7 Who describes the location as ‘‘the middle and lower 
parts of the Peltura beds of the shale quarry at Gullhogen 
near Skovde in the province of Westergotland, Sweden.” 

8 The water was distilled first in an electric Barnstead 
still and then redistilled in an all-Pyrex still. 

°F. Allison, Phys. Rev. 30, 66 (1927); J. Am. Chem. 
Soc. 52, 3796 (1930). 

10 See accompanying articles, Phys. Rev. 43, 38—50 (1933). 
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of the light is recorded thus (?); while a full and 
unmistakable minimum is recorded by a plus 
sign (+). 


After a given isotope has ‘‘come in”’ it con- 


U, TH AND PsB 53 


tinues to show at its particular scale reading 
throughout all subsequent increases in concen- 
tration. Eventually a concentration is reached 
beyond which no new minima occur, and the 


TABLE I. PbCl2 from Joachimstahl: Observational record. Concentration: Grams of salt in 10" cc of water. 











Atomic Magneto-optic 
mass 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 scale reading 
216 - -~- -~ -~ -~- - Fe er er er er Kr er er rr re rt Ht He Ht + 36.10 
M8 =-—--=|-=|-=- = e- eee eee ee He He Pte He + + 19 
24 —------------ = - - = = +H HHH + 28 
23 -—-------+---+--------=- =- = + + + + 40 
22—-- - - - - eF- ekr- Kr Kr Kr er er er Kr tt Ctr OHHH Ht Ht OCF .50 
21oe- - - =~ =~ = = = Ke ee er ee er ere er er Kr Ke re He + 59 
20 ------+---------- ? ++ +++ 4+ + 68 
209 - -~- -~ ~~ P teeetetetetetetttttetttt t+ 78 
208 P+teteteteeetetettettetetetetetettttt .90 
07 - -~- —~ ~ P+HeHeetetetetetetetetetetttttt 37.08 
206 - —- -~- @? ++ettttettttttttttt t+ .30 
20S - - - -~- ~~ @P teHeeteeteeteteteteeetettt tt t+ 40 
204 -- - - =~ ~~ PP t+eHeHeHeetetetetetttttt 50 
203 —- —- - -~- =~ = = = ?Pttetetetetetetetttttt+ .68 
2002 -—- - -~- -~- -~ —- - = -— -— Pte HEHEHE Ht Ht +H tH +t + + + 79 
0 - - -~- =~ =~ ~~ @P +FHe eee HteHe tet Htetetet tt .90 








TABLE II. Observational record PbCl. from Belgian Congo. Concentration: Grams of salt in 10" cc of water. 








Atomic 
mess 3.7 3.8 3.9 4.0 4.14.2 4.3 4.44.5 4.64.7 4.84.9 5.05.15.25.3 545.5 5.65.7 


Magneto- 
optic 
scale 


5.8 5.9 6.0 6.1 6.2 5.3 6.4 6.5 6.6 6.7 6.8 6.9 7.9 7.17.2 7.3 7.47.57.67.7 787.9 reading 




















----- PHEttttttttte ttt ttt 36:10 
1 —--------------------+-------- Petettcetet+et+et+et+= 
m4 —-—--------------------------- == PPT +++ t¢¢te+¢t+r+ 2B 
WeV5cce sce eee ew ean eaen ewan sae eeeceanewoen san aeanaeasse ??++ 40 
ecko ew OOS SHEARER SKE EER HOHE TERE EHESS T+++++ 50 
WM eW<eemeeeeem ee eee eee naeeaeeneeaneeananaenecaces ?+4+4+4+4++ 359 
30 —-------------------------- Pettetttg+ettet+etet+ = 68 
Te POS OOS OM ARDS ERED E BROODS OEROD EO +44 3B 
08 -------------------- PHP HHEHE HEH ee teteteteteteeteetetet+t 0 
07 —------~--~------- PHEHHHHHH+HEHEtHEHeHetteHeteteeteteetet tet 3708 
06 T+tt+++t+t+HHH HHH HFHFHHFFt+t+HHHFtteetettteeeettts+ = 30 
MH ———-—-—- - - = HH He ew we ee ee ee ee ee eee T+et+t¢t¢teee+¢t¢+e+e+ 40 
04 -------------------------------------- T++++ «50 
203 ---------------------------------------- ?++ ~~ «68 
MQ — = = = = — = = = ww ew ww ew ew ew ew ew ew ee ee ee eee Tetetetetetet+e+et++ = 9 
@1—---------------------------- T+etttttettttetete++ = 
TABLE III. PbCl: from Great Bear Lake: Observational record. Concentration: Grams of salt in 10" cc of water. 
Atomic Magneto-optic 
mass 39 40 41 #42 43 #44 #45 46 47 #48 49 50 5.1 5.2 scale reading 
216 — _ - - _ - ? ? + + + + + > + 36.10 
218 —- - - _- - ? + + + + + + + + + .19 
214. — _ - - - = - ~ - - _ ? + + + .28 
213 = — _ _ - ~ —- - _ - _ - ? + + 40 
212 - — - ~ - _ - - - - ? + + +> + .50 
211 = - - — - _ ? + + + + + + + + 59 
210 — _ _ - - ~ - —- - —- — ~ ? + + -68 
209. — _ _ - = - - - - - ? + + + + .78 
208 — — - ? ? + + + + + + + + + + .90 
2007 - - _ ? + + + + + . + + + + + 37.08 
206 — ? a + +> + + a + + + + + + + 30 
205 — - — - ~ - ? + + + + a . + + 40 
204 — —_ - = - - _ - ? + + + + + a .50 
203 — - - _ - — - - —- - - + + + + .68 
202 — _ - ~ - - - = = - + + + + ss 79 
201 — _ - - - = - - ? + + +? + +> + .90 
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TABLE IV. PbCl2 from Kolm: Observational record. Concentration: Grams of salt in 10° cc of water. 














Atomic Magneto-optic 
mass 9.3 94 9.5 9.6 9.7 98 99 10.0 10.1 10.2 10.3 104 10.5 10.6 scale reading 
216 — - = - — - - ? + + + + + + 36.10 
215 = = -- ~ — — — ? + + + + + + .19 
214. — ~ - - - ~ — - ? + + + + + .28 
213 = ~ - = - ~ - — > ? + + + + 40 
220—-— =—-— = = = = = = FP f+ + + + 4+ 50 
211 — - ~ - - - - + + + + + + + 59 
210 — - - ~ - = _ - ? + + + + + .68 
209 = - - - - - - + + + + + + + 78 
208 — - — - - + + + + + + + + + .90 
207. - _ ~ + + + + + + + + + + 37.08 
206 — = ? + + + + + + + + +- + + 30 
05 -—- - =- = = = = = = + + + + + 40 
204 — - - - - ? + + + + + + + + .50 
203 — - - - - ? ? + + + + + + + .68 
202 — - - - - — - ? + + + + + + 79 
201 — - = _ - _ _ ? + + + + + + .90 








number of minima are then interpreted as repre- 
senting the number of isotopes of the particular 
element being studied, and it is further inter- 
preted that the isotope existing in greatest 
abundance makes its appearance first. This is 
further substantiated by the fact that this tech- 
nique is in agreement, in the case of lead, with 
that of Aston’s mass-spectrograph, in demon- 
strating that the order of abundance in ordinary 
lead is 208, 206, 207, whereas in radioderived 
lead from a uranium mineral it is 206, 207, 208. 
As yet there has not been worked out a definite 
quantitative, numerical, relation between the 
position of a threshold appearance of an isotope 
in the table or on the graph and the relative con- 
centration of that isotope within its group. 
Therefore, although it is known that the most 
abundant isotope makes its appearance first, we 
are, as yet, unable to establish the exact numeri- 
cal relations existing among the members of an 
isotope group. Because of this, the general con- 
figuration of the graphs is more significant than 
the distances between the ends of the columns, 
but these distances undoubtedly reflect the orders 
of abundance of the respective isotopes. 

In the case of uranium, the minimum which ap- 
peared at a scale setting of 29.62, and at the 
lowest concentration (2.110~"), was inter- 
preted as being caused by an isotope of mass 238 
since this isotope is undoubtedly the most 
abundant one." Because the scale reading 29.54 
is in the direction of a heavier atom, that mini- 
mum was interpreted as being caused by a 


1 See also Aston, Nature 128, 725 (1931). 


uranium isotope possessing a mass greater than 
238. By analogous reasoning the minimum at 
29.65 is assigned to an isotope of uranium having 
a mass less than 238, and so on.” These isotopes 
of the respective elements are arranged according 
to their radioactive relationships in Fig. 1. The 
detailed reasons for this particular arrangement 
are given by Bishop" elsewhere. Suffice it to say 
here that this represents what appeals to us as 
the most logical interpretation of all the existing 
data. The vertical columns are arranged from 
atomic number 92 to atomic number 81, each 
column containing all the isotopes of a particular 
atomic number, as determined by the Allison 
magneto-optic method. Each column is further- 
more designated by the symbol of the element 
associated with that atomic number in the 
periodic table. Arrows pointing horizontally and 
to the right are used, in the interpretation here 
proposed, to indicate the loss of an alpha-particle 
while those pointing diagonally downward and 
toward the left indicate a beta-particle change. 

The following discussion is derived from an in- 
spection of Figs. 1-3. 


URANIUM 


There are eight atomic entities of atomic num- 
ber 92, i.e., possessing 92 electrons in the plane- 
tary swarm. Four of these eight isotopes of ura- 


2 This elementary explanation is given thus in extenso 
because conversations have shown considerable confusion 
in the minds of many people concerning the manner of 
interpretation of these data. 

18 Edna R. Bishop, Radioactive Families, Phys. Rev. 43, 
38 (1933). 
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[_Aromic wo. [92 | 97 | 80 | 49 | 6667 |e6 | as[eelasle2e] (10° years). This may be accounted for by the 
ore +2 1) ” oa an [we | 46 [Aol a lel] fact that Th™ splits up in two ways and that 
| ? | | there is interposed between it and Th**® the long- 
THORIUM \* lived U4 (10° years). This series produces leads 
ee] 214, 210, 206, and 202. 
The next uranium in order of abundance is 
U**, which is designated as the parent of the 
——=>=} actinium series. This produces the first order 
thorium, Th*, which is shown on the graph to be 
ACTINIUM the next (in abundance) of the first order thoriums. 
This thorium, by the same scheme of interpreta- 
tion, produces protoactinium Pa*™*, which splits 
—— two ways, some going to actinium*™! and thence 
to Th*! while the remainder goes through U** to 
eepeemey the same Th**, Just as U*® is next in order of 
EEE abundance to primary U** so secondary U™ is 
next after secondary U**. But Th*" is nothing 
like as abundant, with respect to its primary 
[ +t Th**, as Th*° is to its primary Th. This may 
keled T 1 1 rT 
x eta | | |. ras | 23 ta | CONCENTRATION OF ELEMENT iN OBSERVED SOLU/TION 
| e : —+22) —per7 3 2134 oos _ 
| 
} | 


Fic. 1. Suggested arrangement of the radioactive isotopes 
in four series. 


nium appear to be primary and the remaining four 
secondary in the sense that the latter may be de- 
rived from the former by the loss of one alpha- 
and two beta-particles, thus bringing them back to 
the same atomic number but with the loss of four 
units of mass. These primary uraniums together 
with their corresponding secondary isotopes are 
thought to constitute the head members of four 
families, or radioactive series. These are: the 
thorium series, actinium series, uranium series, 
and a fourth series as yet unnamed, whose head 














members are primary and secondary uranium as BISMUTH 
isotopes of masses 237 and 233 respectively. - THALLIUM 
The most abundant first order uranium is way 


U8, which produces the most abundant first 
order thorium, Th*** (see respective graphs) ; this 
in turn produces the most abundant second order 
uranium, U*, and also the second order thorium, 
Th*°, But all of Th** passes through Th*°, some 








going by way of U** and the remainder by way nail LEAD : LEAD 
‘ ” Uranium sa/t In Thorium sa/t 
of Ra*°, These two thoriums occur at about pinsaniees 
the same order of abundance despite the short Fic. 2. Graphs of the number and order of abundance of 


; re 5 SEEN the isotopes of uranium, thorium, lead, radium, bismuth 
period of Th (24 days) and the long life of Th*°® and thallium in the observed solutions. 
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Fic. 3. Graphs of the order of abundance of the isotopes of certain radioactive leads. 


be explained by the fact that all the material 
existing in Th*® does not pass through Th**', for 
some goes by way of Ac”! ultimately to Pb*®, 
while only the remaining portion produces Th", 
This relationship is strikingly brought out by the 
graphs (Figs. 2 and 3) which, as has been 
stated, indicate the order of abundance of the 
respective isotopes. The much greater abundance 
of U8 over U*® gives Th** a lead over Th de- 
spite the fact that Th* breaks up with only one 
beta-particle, whereas Th* gives off both alpha- 
and beta-particles, and such substances are short- 
lived. Furthermore, the abundance of Th** is de- 
creased by virtue of its being a second beta-rayer, 
as all such substances are short-lived. This series 
produces the leads 215, 211, 207, and 203. 

The next most abundant primary uranium is 
U™°, which is assumed to be the parent substance 
of the thorium series. This conception regards 
thorium as derived from an isotope of uranium. 
This is an old idea which was subsequently 
abandoned because no constant ratio of thorium 
to uranium seemed to exist. The explanation now 
may be that U* probably has a life period which 


is relatively shorter than U*** and quite possibly 
shorter than all the others. It produces Th** 
which has a half life of 3.6 days, and this in turn 
goes to Ra®* of half life 6.7 years and U** of half 
life 1.9 years. All of these periods are very short, 
but the material represented by these substances 
reassembles at Th®* which has the longest life 
period of all the known radioactive substances, 
i.e., 1.610" years. These circumstances gave 
Th** an independent status, for whereas early in 
its history it was associated with the rapidly dis- 
integrating U*? (which is now mostly used up), 
it accumulated to such an extent that subsequent 
chemical changes, leachings and transportations, 
gave it the dominant position as the head of a 
family, in some cases appearing almost entirely 
dissociated from the uranium clan. This accounts 
for its irregular ratio in minerals with respect to 
the long-lived uranium as represented, for ex- 
ample, by U** (7=4.5 10° years). This series 
produces leads 216, 212, 208, and 204. 

The fourth and least abundant of all the series 
is the one headed by U*? which is the least abun- 
dant of all the primary uraniums. This is inter- 
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preted to produce the least abundant primary 
thorium Th** which proceeds to U*** which is of 
low abundance. This may proceed to Th”? which 
bears the same relation to Th®* that Th**' does 
to Th*®, i.e., only part of the material of Th? 
passes through Th**; and one would expect the 
ratio of abundance of Th”® to Th** to be about 
the same as that of Th*' to Th**. But it is not, 
and this is a discrepancy as yet unexplained. This 
series produces leads 213, 209, 205, and 201. 

From the above it is evident that the relation 
of uranium to the lead derived from it is much 
more complex than was originally supposed. Be- 
cause the U** is at present by far the most 
abundant of the uranium isotopes it is the one 
that has been most studied, and this series has 
been very thoroughly worked out by orthodox 
methods. However, there are some uncertainties 
which these methods have failed to clear up, and 
it may be that in some cases they are due to the 
fact that the procedure used gave the experi- 
menter a multiplicity of isotopes when it was 
thought that only one atomic species was in- 
volved. This possibility is briefly discussed by 
Bishop in the accompanying article. For example, 
the alpha-particles of different ranges which have 
been observed coming from the C’’ members may 
not have come from one kind of nucleus but from 
several kinds. 


LEAD 


It is most significant that the order of abun- 
dance of the principal isotopes of ordinary and of 
radioderived lead is revealed by this method to be 
the same as that found by Aston with the mass- 
spectrograph. That is to say, the order in ordinary 
lead is 208, 206, 207, while in radioderived lead it 
is 206, 207, 208. 

These facts and the configurations of the 
graphs are sufficient to demonstrate conclusively 
that ordinary lead has a different isotopic compo- 
sition from that of radioderived lead, and that 
radioderived leads differ somewhat among them- 
selves. These different isotopic compositions re- 
sult from differences in age and also in the ratios 
existing among the isotopes of the parent element 
at the time of the formation of the mineral from 
which they were extracted, as will be developed 
later. 


In his letter to Nature in August, 1927! Aston 
states: ‘“There are indications that many other 
isotopes may be present in small proportions.” 
He had fairly definite evidence of isotopes 209 
and 205 and he suggested the possibility of 204 
and 203. In a subsequent communication to 
Nature Aston reports eight isotopes of lead and 
states that he believes others exist.“ The mag- 
neto-optic technique reveals eight isotopes of 
masses progressively heavier than 208 and five of 
masses progressively lighter than 206; and it is a 
matter of the utmost significance that all the 
leads so far examined, both ordinary and radio- 
derived, have possessed all sixteen isotopes, i.e., 
they consist of the same isotopes, though these 
exist in different proportions in different samples. 

The fact that both ordinary lead and radio- 
derived lead possess the same number of isotopes, 
of the same respective masses, is strong evidence 
that all the lead now on the earth was derived 
from the same ultimate source. If ordinary lead 
atoms came into being by whatever processes all 
other ordinary atoms did, and if this process is 
entirely distinct from and independent of radio- 
active processes as we know them, it seems extra- 
ordinary that exactly the same number of nuclear 
configurations should be produced by the two 
different and independent processes. 

According to one school of thought the condi- 
tions existing in interstellar space presumably are 
favorable to the assembly of the respective funda- 
mental units into various configurations and 
proportions to produce a variety of atomic nuclei. 
Some of these become very complex and when the 
accumulation and condensation of matter bring 
about the conditions obtaining in a star these 
more complex nuclei begin to break up into sim- 
pler configurations. Apparently this process had 
gone on to such an extent in our own sun that at 
the time the earth was formed from it there was 
already a considerable accumulation of lead 
atoms formed from the original uranium. These 
became mixed with the other atoms of which the 
earth is composed and have led an independent 
existence ever since. The remaining uranium 
atoms did likewise and both groups have since 
experienced the many vicissitudes of the geologic 
history of the rocks. According to this conception 


4 Aston, Nature 129, 649 (1932). 
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the ordinary lead which we find today is in that 
isotopic condition to which it could attain by the 
further disintegration of the heavier isotopes into 
the lighter end-products during that period which 
has elapsed since the consolidation of this planet. 
Presumably this further disintegration has pro- 
ceeded very slowly and by ‘“‘soft”’ radiations, be- 
cause the Pb208. 204; 207, 203; 206, 202; and 205, 201 pairs of 
isotopes, though preponderating somewhat in 
ordinary leads, do not do so to a very great ex- 
tent; and furthermore because no hard or easily 
detectable radiation has been noticed coming 
from ordinary lead. 

Of the heavy lead isotopes, Pb** (which pre- 
sumably is Ra B) is best known, and this has 
been assigned a half life of 26.8 minutes. Such a 
short life would preclude its existence in ordinary 
lead today, and here our findings seemed incom- 
patible with established evidence. However, an 
examination for uranium of a concentrated solu- 
tion of the lead samples always revealed the 
presence of this element, which presumably was 
supplying the Pb?!® 25 214, and 213 Which was ob- 
served. 

An effort was made to prepare a lead salt which 
would be entirely free from this contaminating 
uranium, and though the treatment decreased 
the uranium content we have not up to the time 
of writing been able to eliminate the uranium 
entirely from a lead sample. A sample of radium 
D, kindly supplied by Mr. L. R. Hafstad of the 
Department of Terrestrial Magnetism, revealed 
leads 210, 206, and 202 in the order named, but 
no 214 whatever. 

According to the above interpretation a young 
lead would be expected to be relatively weak in 
the lighter isotopes, i.e., those of mass 208 and 
less, whereas an old lead would possess these light 
isotopes to a somewhat preponderating degree. 
This condition would be best illustrated when the 
original parent uranium of the respective lead 
samples possessed the same isotopic concentra- 
tions at the beginning of the life of the particular 
minerals they are now in. This is unlikely. The 
uranium itself might have been young or old at 
the time it became fixed in the respective min- 
eral. If young, it would have relatively more of 
isotope 240 and consequently the accumulated 
lead would now be richer in 208 than a lead pro- 
duced from a uranium which had lost most of its 
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240 component before it became fixed in the 
mineral where we find it today. Such a uranium, 
being richer in 238 to begin with, would produce 
a lead relatively richer in the 206 isotope. 

The unexpected results of this investigation 
make it clear that the isotopic relationships exist- 
ing between uranium and the lead associated with 
it in minerals is much more complex than was 
previously supposed. It is apparent that there 
are at least three fundamental factors controlling 
the isotopic condition of any radioderived lead 
we may examine today and we do not have suffi- 
cient definite information about any of them. 
They are: (1) The isotopic condition of the 
uranium at the time of the formation of the 
mineral. (2) The rate of change of the many 
atoms involved between the uranium and its 
corresponding lead—and consequently the parti- 
cular series as a whole. (3) The time that has 
elapsed since the formation of the mineral. There 
are, of course, other factors such as contamina- 
tion, leaching, and so forth, of which we have 
little knowledge. Fortunately the U*8-Pb?% 
series has been very thoroughly studied, and the 
rate of change of this series quite definitely estab- 
lished. Furthermore, Aston’s experiments indi- 
cate that the U8 isotope comprises about 96 per- 
cent of the uranium existing today, and this 
isotope has probably predominated for a long 
time, so that the age determinations now being 
made are probably quite reliable. And those de- 
terminations which may be made, by using these 
two isotopes only, should be very close to the 
true value. We have hopes of soon devising some 
means of accurately determining the numerical 
relations existing among a group of isotopes. 
When this is done the ratio between U**® and 
Pb?" only need be considered. 

It is now clear that other factors besides those 
of contamination and therium content influence 
the chemically determined atomic weight of a 
given sample of lead, and it is apparent that a 
lead of atomic weight lower than 206 may exist. 

Fig. 3 demonstrates that the lead from the 
Belgian Congo is exceptional, so far as our ex- 
perience goes. Repeated rechecks of this material 
have failed to alter the configuration of this 
graph. Yet the graph for the uranium from which 
this lead came is not exceptional in any way. 




















The extraordinary preponderance of the three 
principal isotopes 206, 207, and 208 is noticeable, 
as is also the unusual amount of Pb?” with re- 
spect to the other two. 

In this respect the graph agrees with Aston’s 
measurements on a lead from this region in 
which he found the 206 isotope to be 93.3 percent 
of the whole, which is much greater than in any 
others he has reported. He found the 208 isotope 
to exist only to 0.02 percent, which is much less 
than one would expect from an inspection of the 
above graph. This is a striking example of the 
strange fact which Allison and his associates have 
consistently observed with respect to the isotopes 
of a given element, namely, that they “‘come in” 
too soon. If the graph actually pictures a rela- 
tionship between the orders of abundance of 
Pb*** and Pb*®* of the order of magnitude of the 
ratio of 93.3 to 0.02, then the remaining lead 
isotopes must exist in extremely small propor- 
tions of the whole. This, of course, is the con- 
clusion already arrived at from many calculations 
of the atomic weight. 

What particular conditions produced this sort 
of isotopic concentration are not obvious. If we 
assume that all lead is of radioderived origin and 
recall that the different series produce their re- 
spective leads at different rates, the conclusion is 
tenable that the ordinary lead now in existence 
has been in existence longer and has gone on 
farther toward an ultimate end condition, toward 
which the radioderived lead of our present day is 
now proceeding; and that the present isotopic 
condition of this ordinary lead is determined by 
the fact that somewhere back in its history it 
became separated from all or nearly all of its 
source of supply. In view of these considerations 
it seems fair to conclude that the radioderived 
lead of today is in an isotopic condition controlled 
by the isotopic condition of the uranium at the 
time of the formation of the containing mineral, 
the rate of production of the lead of the respective 
series, and the age of that particular mineral. 
Under such conditions the most rapidly pro- 
duced isotope would gain in amount over its 
fellows until its source of supply was diminished 
or exhausted, whereupon the others would catch 
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up and possibly pass it, and the whole would 
ultimately attain to a condition which was con- 
trolled by the factors described above. This 
means that an inspection of the relative abun- 
dances of the respective isotopes of a certain lead 
affords no indication of its actual age; for, early 
in the history of events, there would exist only 
small differentials among the respective isotopes, 
like a group of runners at the beginning of a race, 
and very late in the process the differentials 
would again be small by virtue of the exhaustion 
of the source of supply of the more rapidly 
formed isotopes. Intermediate between these ex- 
tremes there would be a time at which the most 
rapidly produced isotope would have its greatest 
accumulation with respect to its fellows. Possibly 
the Belgian Congo lead represents some such 
situation with respect to the other radioderived 
leads examined. The available literature gives 
their ages as: Kolm,’ 458 million years; Belgian 
Congo (Katanga) 600 million years; Great Bear 
Lake’ 1200 million years. 

The graph of the Joachimstahl lead shows that 
this is contaminated by ordinary lead. This is 
revealed by the preponderance of the 208 isotope 
and the order of abundance of the principal iso- 
topes, i.e., 208-206-207. This is in agreement with 
the fact that this deposit contains various ordi- 
nary lead minerals. This question of contamina- 
tion is an important one in age determinations 
and it would seem that an isotopic examination is 
a reliable way of detecting its existence, though 
we do not yet know how small a contamination 
can be revealed by this method. 
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The Joule-Thomson Effect in Helium 


J. R. RoeBuck AND H. OsTERBERG, Department of Physics, University of Wisconsin 
(Received November 5, 1932) 


Important changes in the apparatus previously used in 
the measurement of the porous plug coefficient, u, for air 


are described in some detail. The effect of air as an impurity’ 


in helium has been investigated by direct experiment and 
shown to be quite negligible even at 10 percent of air but 
increasing rapidly thereafter with increasing proportion of 
air. It appears that an experimental study of u in mixtures 
of Nez and He is desirable. The helium was purified by 
contact with activated charcoal at liquid air temperatures. 


u for helium has been measured from —190 to 300°C and 
from 1 to 200 atm..In this range u is negative, is independ- 
ent of pressure except at the lowest temperatures, and is 
small both in magnitude and in variation. Significant trends 
of uw at the two temperature extremes have been observed. 
Applications to theory and to other physical properties will 
follow in later articles. Reasons are given for supposing 
that helium will not approximate with high accuracy to a 
perfect gas at any temperature. 





N preceding papers': ? will be found in detail 

the description of the methods, apparatus, 
and data for the work on the Joule-Thomson 
effect in air. These methods and apparatus, with 
some modifications, have been used in the work 
here reported on helium. The present article will 
be limited to a description of the changes intro- 
duced into the apparatus and methods, and to 
the presentation of the helium data, reserving 
their analysis and application for later publi- 
cation. 


GENERAL FLoW SYSTEM 


A comprehensive view of the whole flow 
system is given in Fig. 1. 

During measurements at low temperatures the 
helium circulates from the compressor (5), to the 
water trap (6), the sodium hydrate driers (7, 8, 
9), the manifold (44), the automatic valve (45), 
the first exchanger coil (13), the carbon dioxide 
boiler coil (14), the second exchanger coil (15), 
the plug chamber, the valves A, B, and C, the 
two exchangers (15) and (13), the low-pressure 
reservoir (19), and back to the compressor. 
The compressed air, providing the major part of 
the bath cooling, passes the exchanger coils (20, 
21, 22), and expands at the valve (46) before 
passing through the coiled copper pipe (23) 
brazed to the outer wall of the thermostat tank. 
For work above. room temperature, air and 
carbon dioxide cooling is discarded, and the 


1 Roebuck, Proc. Am. Acad. 64, 287 (1930). 
2 Roebuck, Proc. Am. Acad. 60, 537 (1925). 
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helium passes directly from coil (13) into coil 
(15). 

The pressure at the compressor outlet is 
called po: beyond the high-pressure regulating 
valve p;: inside the plug 2: and in the low- 
pressure reservoir p3. 7; and /; are the tempera- 
ture and pressure at entry to the plug, and 72 and 
pz at exit from it. 

The helium is stored in the high-pressure 
cylinders 1, 2, 3, and 4. Each has a volume of 
about 2700 cubic inches, while the volume of the 
high-pressure part of the system is about 500 
cubic inches. These cylinders and other parts of 




































































Fic. 1. Flow diagram. 
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the flow system are interconnected through a 
“valve switchboard” of 25 valves, whose bodies 
are immersed in oil to reveal leaks. 

The charcoal and liquefier purifiers are shown 
as (25) and (27). (33) and (34) are openings for 
filling and evacuating. The P; and P: barostats 
are connected at (39) and (40) respectively; the 
gauges and manometer at (37) and (38). (36) is 
an extra volume added to the low-pressure side of 
the plug. The He analyzer is connected at (41). 

In the prevention of loss and contamination of 
helium due to leakage, it has been found most 
effective to silver solder all fixed joints and to 
employ unions with carefully ground joints of 
steel. 

COMPRESSOR 


After two-thirds of the helium data had been 
obtained, the worn-out cylindrical block of the 
old compressor was replaced by another re- 
designed as experience had suggested. All inlet 
and outlet valves, of the light leaf type, were 
built into the heads. The water jacket was cast 
so as to immerse both compressor heads and 
also that part of the piston rod lying between the 
long packing box in the head and the shorter one 
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Fic. 2. Piston rod packing box. 


in the wall of the water jacket. This served 
primarily to exclude leakage of helium by cooling 
and lubricating the piston rod and its packing, 
and secondly to advertise such leakage. 

The latter purpose was accomplished in the old 
compressor by an ingenious packing box used at 
Leiden.’ A short description of this device (Fig. 
2) is called for, since the successful operation of 
the barostat valves depended upon its use. The 
packing is divided by a separating ring cut and 

3 Leiden Laboratory Comm. No. 83, p. 20 and Plate IV, 
or No. 54, Plate VII, Fig. 3. 


placed to permit the circulation of water about 
the piston rod. The water outlet was provided 
with a trap for catching any escaping helium. 

The wood fiber piston packing must be kept 
wet. To avoid the introduction of fresh water 
with its impurities and the pressure disturbances 
caused by its discharge, it is circulated (Fig. 1) 
through the compressor intake, water trap (6), 
filter (10), control valve (11), and the observing 
glass (12). 

By this arrangement oil and its decomposition 
products resulting from high compression tem- 
peratures are almost eliminated, the only internal 
source of oil being the piston rod packing. 


Low-PRESSURE RESERVOIR 


Since the flow through the system changes 
with every change in the pressure difference, 
pi— pe, the compressor has to handle a great 
variety of flows. A closed, fixed volume, low- 
pressure system allows the compressor to adjust 
its intake pressure automatically to suit the flow 
sent to it. Moreover, the maximum value of the 
high pressure, fo, is limited by the amount of gas 
put in the flow system, and dangerous values are 
readily avoided. A galvanized steel, double extra 
heavy, domestic hot-water boiler, of about 180 
liters volume is used as the low-pressure reservoir 
(19 in Fig. 1). It limits the pressure fluctuations 
from the compressor to about 4 percent, and its 
charge of gas at atmospheric pressure would 
raise the high pressure 6 atm. at 200 atm. It is 
connected to the compressor so that the pulsa- 
tions have to go through it to get to the plug 
apparatus. It is built to carry 13 atm., but since a 
sudden stoppage of the compressor might expose 
the low side to more than this, a special safety 
valve (18) following the design described by 
Ernst,‘ was built. This is provided with internal 
and external reservoirs for castor oil which has to 
escape before the helium. The ring seat, ground 
to fit the flat disk, is tight to castor oil if turned 
gently into contact. 


BAROSTATS 


A number of changes have been made in the 
arrangements previously described. The sliding 
contact used to actuate the valve-operating 


* Ernst, J. Ind. and Eng. Chem. 18, 664 (1926). 
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motor has been replaced by a reversing mercury® 
switch illustrated in Fig. 3. The four mercury 
carrying glass tubes, A, B, C, D, are mounted on 
a board which is supported at one end by a 
horizontal shaft carried by the barostat load 
tank, and at the other end by a cord from the 
cylinder on the valve stem. By the use of 
supporting cords at E and F, pulleys are avoided 
and the ratio between the motions of the ends of 
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Fic. 3. Reversing switch and connections. 


the cord may be varied. A rise of the load tank 
tilts the board throwing the mercury to the left 
against the terminals, so energizing the motor 
which rotates the valve stem and winds up the 
cord until the board is again horizontal. The four 
tubes of two terminals each are preferred to two 
tubes of four terminals each, since with four 
tubes the right and left pairs may be tilted 
toward each other. By varying this tilt and the 
motor speed, continuous overshooting may be 
avoided and the motor allowed to rest except for 
needed adjustment. The control resistance 
should be placed on the power side of the switch 
to protect the tubes during a chance shorting. 
Four condensers connected across the breaks are 
mounted on the under side of the board. 

A second alteration is the provision of contacts 
like spark plugs in the U tubes of the barostats 
where the pressure is. transmitted from mercury 
to oil, to permit of checking the position of the 
mercury surface. When necessary, new castor oil 
may be forced in with the aid of a small pump. 
These U tubes were previously operated until 


® Minneapolis-Honeywell Regulator Company, Minne- 
apolis, Minnesota. 
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some obvious trouble appeared, when they had 
to be dismantled and refilled. 

The packing boxes on each of the three valves 
A, B, and C were originally built into the steel 
base of the apparatus. The lubricant in the 
packing distilled out at the high bath tempera- 
tures and froze at the low. Only very small leaks 
could be tolerated with the helium, so the valve 
packing boxes were moved out about 20 cm 
from the base. They were provided with a 
copper tube wound around and soldered to the 
extension tube close to the stuffing box. A stream 
of warm water through this tube dominated the 
stuffing box temperatures at all bath tempera- 
tures. 

Ordinary packings on the stems of the barostat 
valves (45 and A, Fig. 1) sufficiently tight to 
prevent helium leakage are too tight for suc- 
cessful operation by the motor. They were 
consequently provided with a packing separator 
ring (Fig. 2). A single hole through the packing 
box wall served as an inlet for castor oil from the 
bottom of a small strong reservoir. Helium under 
the same or greater pressure than that at the 
valve is admitted above the castor oil through a 
check valve which, by allowing only slow escape 
of the helium, prevents the oil from frothing 
through the whole apparatus. Any tendency of 
the oil to leak inward past the inner section of 
the packing is now small, on account of the small 
pressure drop, and only moderate tightness is 
required to prevent the oil leaking outward past 
the outer section. The lesser tightness now 
required for the complete absence of leak of 
helium and the better lubrication due to the oil 
made it possible to use these barostats for 
helium. 

The most important change concerns only the 
barostat controlling ;. Previously the com- 
pressor delivered the air directly at the controlled 
pressure ~; which was maintained constant by 
wasting some compressed air through the baro- 
stat valve. This put all irregularities in the 
compressor performance instantly on the baro- 


stat. In the new arrangement the pressure pp at 


the compressor delivery is dropped to p; through 
the control valve (45, Fig. 1). Compressor 
irregularities now affect p; only as they influence 
the flow through the valve, and the resulting lag 
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allows their slow and smooth correction by a 
slight motion of the valve stem. 

It was quickly observed that if po— p: did not 
exceed about 300 lIbs., hunting ceased, the 
barostat tank set itself at a remarkably steady 
position, and »,; became the steadiest we have 
ever had. 

In the routine measurements of the points for 
an isenthalpic curve, p2 is successively shifted to 
new values, each shift involving a shift of the 
amount of gas at the pressure po. The resulting 
change in (p1— p2) alters the flow, and hence p; 
shifts also. Both of these demands must be met 
from the supply in pp. It is therefore necessary 
during these changes of p2 to watch fp» carefully 
and to shift gas between the system and the 
storage cylinders as required. 

The control of 2 offers now a more difficult 
problem than that of f;, largely on account of the 
range of values for which 2 must be set. The 
helium escaping from the plug chamber is 
checked by the valves A, B, and C (Fig. 1). If B 
is closed, the gas has to flow through the coil in 
the lower part of the bath, which lessens the 
temperature adjustment in the interchanger. 
Valve B is open only when it is desired to keep the 
escape pressure 2 as low as possible, for which the 
passage through B provides a shorter, freer path. 
Valve A is automatically controlled by the pe 
barostat and valve C manually by a 40 cm 
handle, which tends to offset the difficulty of 
setting because of its large seat. 

To prevent hunting, the barostat valve A 
must control only a small part of the pressure 
difference (p2— p3). With valve B closed, valve C 
is set so that pe is 10-20 percent below that 
desired. Valve A is then closed slowly by 
rotating the wooden cylinder with respect to the 
valve stem, and allowing the motor to shift the 
valve. With pe. small, the barostat takes up the 
regulation easily. As 2 is set at higher values, A 
and C must be more and more nearly closed. If 
valve A be allowed to close entirely, violent 
hunting starts immediately. The barostat load is 
supported weakly by a coiled door spring to vary 
the pressure slightly with load position to aid the 
balancing. The final adjustment has often to be 
made by slight shifts of the regulator load. This 
regulator adjustment is the most difficult ma- 
nipulation of the experiments. 


MANOMETER 


Except for the provision of electrical contacts 
to adjust the position of the mercury surfaces in 
the U tubes, there was no change in the rotating 
piston differential manometer used in the previ- 
ous work. 

FLow METER 


The variation in ps3; made the Venturi meter 
almost useless. The needed rough values of the 
mass flow are given by the values of p; since the 
compressor is run at almost constant speed. 


THERMOSTAT BATH 


For the work above room temperature, a new 
steel cylinder for the outside case of the bath is 
substituted for the one on which the copper 
tubes had been brazed. A set of heating coils 
wound on this new cylinder aids in the mainte- 
nance of uniform temperature in the circulating 
bath fluid by providing heat supply over ap- 
proximately two-thirds of the area from which 
heat is lost. 

In the previous work the Russian mineral oil 
used as bath liquid vaporized badly at 300°C. It 
was a relief to find that ‘“‘Stanolind 200” of the 
Standard Oil Company would stand this temper- 
ature much better. 

When the lower temperature work began to 
indicate the expected change in y, it was decided 
to try using liquid air as bath liquid. The 
thermostat bath was consequently made the 
collecting chamber at the foot of a Hampson type 
air liquefier. With the help of carbon dioxide 
precooling, liquid air could be accumulated in the 
tank. A stock of liquid air was prepared in 
advance, and it was forced into the bath after 
liquid was already appearing there. 

The temperature of the bath depends on the 
composition of the liquid air and on the pressure. 
The escaping vapor was led back to the com- 
pressor for reliquefying, which apparently held 
the composition sufficiently constant. The first 
successful run (—184.3°C) was made this way, 
but in all later attempts the temperature of the 
bath varied so much, most probably from pres- 
sure variation, that no reasonable data could be 
taken. It would seem that in the successful run 
everything worked remarkably smoothly. Finally 
we tried keeping the bath full by pouring in liquid 
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with the bath open and the liquefier shut down. 
If the additions were practically continuous, the 
temperature stayed constant enough for reason- 
able data, as in the run at —192.3°C. It would 
seem better, however, to add a balanced escape 
valve’ to hold the bath pressure constant in the 
first plan. These two runs cost an inordinate 
amount of work, many attempts failing from 
blocked valves, frozen valve stems, and so on. 


TEMPERATURE CONTROL 


Only one important change has been intro- 
duced in the thermostat and heater. A device 
equivalent to that mentioned in the first paper on 
air! (p. 547) has been put into service and has 
justified the expectations. It has been described 
in detail in a separate publication’ and need only 
be sketched here. 

A tube rheostat in the heater circuit is provided 
with a long screw on which a nut carries the 
contact springs. The screw is rotated by a gear 
and a worm on a d.c. motor. Current from the 
thermostat trip operates a mercury reversing 
switch in the armature circuit of this motor. The 
rheostat contact is thus moved up and down as 
the ‘‘on’”’ and “‘off’’ mechanism of the thermostat 
operates. If the on and off intervals are 
unequal, the slider progresses in a direction so 
chosen that for too high bath temperatures, 
resistance is added to the heater circuit and the 
on and off intervals shifted to equality. This 
device substitutes continuous adjustment for the 
previous haphazard hand adjustment to meet 
changes in the heat demand. Since the thermostat 
galvanometer deflection is continually restored to 
the same place, the bath temperature changes are 
small and transient. This has also allowed of 
lower galvanometer sensitivity, so that the whole 
arrangement is exceedingly stable. The violent 
changes in heat demand resulting from the 
adjustments during the measurements are 
smoothed out quickly. 


THERMOMETERS 


The platinum resistance thermometers and the 
bridge are the same as used in the previous work, 
except as accident made it necessary to repair 
both thermometers. The opportunity was used to 


6 Leiden Laboratory Comm. No. 87. 
7 Roebuck, Rev. Sci. Inst. 3, 93 (1932). 
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replace the brass cases with steel, and to replace 
the copper lead wires with silver. The constants 
of the thermometers were changed very little by 
this work. 

PLUGs 


The tubular form of porous plug (radial flow) 
was used here as in all the previous work.': ? The 
general theory has been also discussed® but 
should be applied to this special case. 

In all the measurements taken with pure 
helium, the temperature rises with the fall of 
pressure through the plug wall. The temperature 
gradient hence requires that heat should flow up 
the gas stream, which is the condition for the 
most perfect exclusion of heat leaks. The plug 
chamber was filled with cotton for the low 
temperatures and with long fiber asbestos for the 
high. Any heat escaping from the plug surface 
into this insulation is carried back immediately 
by the gas flow. The guard ring at the base of the 
plug excludes exchanges with the plug support, 
and all the rest of the gas is taken by the internal 
flow guide past the thermometer coil. The 
substitution of a stéel tube for the brass thermo- 
meter case lessens the conductivity loss there. 
There has been very little erratic data, or 
evidence of heat leaks, or of kinetic energy of flow 
in all the data taken. Duplicate runs almost 
invariably checked excellently. 

Since the copper plating on graphite came 
loose occasionally, silver put on from an ordinary 
silvering bath was substituted for the graphite. 
The penetration of the silvering and copper 
solutions into the porcelain was lessened by first 
filling the pores with pure water and keeping 
them full by filling the tube with water and 
corking the open end. The copper coated tube 
was then lead soldered or lead-tin soldered into 
the steel holder. 

The porcelain tubes were all part of the set 
made by the Montgomery Porcelain Products 
Company and paid for by a grant from the 
Rumford Fund of the American Academy. Some 
of the tubes had been used in the air work. 


ANALYSIS 


The helium was stated to contain about 2 
percent of nitrogen. During the experiments air 


8 Burnett and Roebuck, Phys. Rev. 30, 529 (1910). 
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could not be entirely excluded. Slow passage over 
activated charcoal cooled by liquid air will take 
out all these gases as completely as desired, while 
absorbing very little helium. The only gases not 
so absorbed are hydrogen and neon, which are 
hardly to be feared. 

An all-glass apparatus, for connection at (41) of 
Fig. 1, was built to pass a measured volume of 
helium through activated charcoal cooled by 
liquid air. The charcoal was evacuated and on 
warming to room temperature gave off the 
absorbed gases. The gas was collected by a 
Toepler? pump and measured over kerosene 
above mercury. No analysis of this gas was made, 
and it is simply recorded as volume percent. 


PURIFICATION OF HELIUM 


The first attempt at purification was to liquefy 
the nitrogen,'® but this apparatus (25 of Fig. 1) 
would not reduce the impurity below 1} percent. 
Consequently, charcoal absorption was tried. 

A cylinder of copper (25 of Fig. 1) 10 cm in 
diameter and 38 cm long was divided into two 
equal volumes by another coaxial cylinder. The 
whole was filled with 1.5 kilos of granular 
activated charcoal and immersed in liquid air. 
The helium was passed through an interchanger, 
through a pipe immersed in the liquid air, down 
the outer cylinder, and back the inner one, at 
15 L/min. under 2 atm. pressure. One passage 
reduced the impurity to 0.25 percent and a 
second passage to below 0.1 percent. 


EFFECT OF IMPURITY 


Any judgment as to the effect of impurity 
must be based on direct measurements of its 
effect. Air is the most probable impurity, so a 
set of experiments to determine its effect up to a 
few percent of air, was carried out. The results 
proved so surprising that the proportions were 
extended to cover the whole range to pure air. 
The bath temperature is 51.63°C. The data from 
the measurements are plotted in Fig. 4, as it 
seems hardly necessary to give the numerical 
data in detail. Each isenthalp is marked with the 
volume percent of air. 

The curve for pure helium is straight so that p, 


9M. Travers, Experimental Study of Gases. 
© Leiden Laboratory Comm. No. 94-f, p. 51 and Plate IV. 


the slope, is a constant over the whole pressure 
range. Up to about 10 percent of air the curves 
fall closely upon each other, but a marked shift 
occurs at 20 percent of air. From this percent- 
age on, the shift grows more rapidly than the 
percentage of air, the greatest effect of a 1 
percent change being at the air end. There is 
thus no simple additive rule, nor are the roles of 
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the two gases at all alike. 1 percent of air in the 
helium produces no measurable change, while 1 
percent helium in air produces the largest effect 
of any 1 percent change. To emphasize this 
extraordinary behavior, the AT for the pressure 
drop from 200 to 15 atm. is plotted in Fig. 5 
against the composition as indicated. The curve 
leaves the helium side horizontally and enters 
the air side with the steepest slope. 

If one could assume that here the Joule- 
Thomson effect arises mainly from the molecular 
forces in the gas, then this behavior could be 
interpreted to mean that the helium-air forces 
are like the helium-helium forces and are small or 
even repulsive, while the air-air forces are 
relatively large and attractive. Then the intro- 
duction of a small proportion of air into the 
helium separates the air molecules from each 
other, and the mixture acts essentially like 
helium. On the other hand, the addition of a 
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Fic. 5. Helium-air mixtures. AT (for Ap>=200—15 atm.) 
vs. composition. Bath 51.6°C. 


small proportion of helium to air also separates 
the air molecules and the mixture shifts rapidly 
from the air character. This, of course, neglects 
the effect of the external work on uw. Before any 
quantitative deductions can be drawn, pv data 
must be taken into consideration. 

Any likely air impurity has a quite negligible 
effect on the helium data, except when the 
temperature and partial pressure of the air 
present may possibly condense some of it to 
liquid in the neighborhood of the porous plug. 


EXPERIMENTAL DATA. ISENTHALPS 


The data for the series of temperatures are 
plotted in Figs. 6a and 6b. The continuous 
abscissa is the pressure expressed in atmospheres 
(76 cm of mercury at 0°C) measured from zero 
pressure. The ordinate is the temperature in the 
centigrade hydrogen scale, and since the meas- 
ured change of temperature is small the scale 
is broken and the curves crowded together. 

The practice followed fairly consistently in the 
air work, of duplicating each run with a different 
plug of different permeability, was not so 
necessary here, since the virtue of the methods 
may be considered as established and since 
helium presents a simpler problem than air. 
Some of the curves were duplicated and some 
were taken once with plugs whose performance 
was already tested. These curves all fit smoothly 
into the general picture. This seemed sufficient to 
prove that the data were not a function of the 
rate of flow and that heat leaks were negligibly 
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small. The changing of plugs involves much 
labor and material losses of helium. 

The outstanding features of the curves are 
their straightness (except the lowest two) and 
their negative slope. While it has been generally 
inferred from related properties'! that helium 
would show a rise in temperature on dropping in 
pressure through a porous plug, this is the first 
direct experimental evidence of it. The amount 
of this rise of temperature for a 200 atm. drop is 
only 12°C, as compared with 30° fall for air. 
This drop with air is a much more rapid function 
of the temperature than the helium rise. On 
casual observation, the slopes of the helium 
curves appear alike. 

The points generally fall almost exactly on the 
straight line. Since the run may be summarized 
so completely by the slope of the curve, it has 
not been considered necessary to publish the 
data in detail. The precision with which the 
individual points fall on a curve is slightly 
higher than the precision with which the slope 
can be duplicated experimentally. 

The bending of the two lowest curves is in 
agreement with the general picture presented 
later. But the slope of the right-hand end of the 
lowest curve is steeper than that of the straight 
lines above. This does not fit the picture, but 
seeing the difficulty of the measurements at this 
temperature, it may for the present reasonably 
be attributed to experimental error. 


JouLE-THOMSON COEFFICIENT, p= (d7T/dp)» 


When the accumulating data showed that the 
isenthalpic curves were straight lines, it became 
evident that the values of this coefficient could be 
measured with greater precision than with the 
corresponding curved lines for air. The group of 
points from one run were divided into two groups 
at opposite halves of the line; the coordinates of 
the first point in one group were subtracted from 
those of the first point in the second group to give 
a AT and a Ap whose quotient is yw, and so on 
through the group. This gave up to six or seven 
independent readings of » from one experiment. 
These values were averaged to give u for the run. 

As with air, the highest pressure point on the 
curve is the most unsatisfactory of the group. 


J. H. Perry, J. Phys. Chem. 28, 1108 (1924). 
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This results mainly from uncertainty as to the 
difference of resistance of the two thermometers 
at the bath temperature. To measure this at the 
bath temperatures would have involved undue 
labor and loss of helium. The effect of this 
uncertainty is only to displace the high-pressure 
point. Irregularity in bath temperature! may also 
contribute to this uncertainty, though this was 
lessened at the high temperatures by special 
heating of the plug support. The highest pressure 
point has been neglected in the computation of yu. 

The values of yu are collected in Table I with the 
other related data, and they are plotted against 
the temperature in Fig. 7. One is impressed first 
by the small absolute value of uw even at its 
largest, 0.0628°C/atm.; then secondly by the 
small range of the variation—the smallest value 
is 58 percent of the largest. Over this same range 
of temperature ww for air goes from about 
+1°/atm. through zero to —0.01. For helium 
between 0 and 250°C the minimum value is 95 
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percent of the maximum, while over the range 0° 
to 100°C the variation is only slightly larger than 
the experimental error. 

The curve in Fig. 7 shows these relationships 
even more strikingly. u is ordinate. Temperature 
is abscissa and is put on in °C across the top of 
the plot and in reduced units across the bottom. 
For this the critical temperature of helium is 
taken as 5.19°K” and Tie¢e= 273.15°K. The figures 
are listed in the fourth column of Table I. The 
measurements extend when expressed in reduced 
temperature units over a much greater tempera- 
ture range than is possible for any other gas. For 
comparison, the Kelvin scale temperatures for 


2 Onnes, Leiden Laboratory Comm. No. 147-b. 
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TABLE I. Values of u. 








u=(dT/dp), in °C/atm. 





—uX10? 
Bath from 
Curve (°C) T(°K) T/T. Ty —uX10? curve 
300 §=302.76 575.9 111.0 3682 5.68 5.78 
250 = 253.16 526.3 101.4 3364 6.07 6.09 
200 199.36 472.6 91.1 3023 6.16 6.21 
150 152.91 425.1 81.9 2717 6.28 6.24 
100 100.96 374.2 72.1 2392 6.21 6.18 
75 75.74 348.9 67.2 2230 6.07 6.15 
50 51.36 324.8 62.6 2077 6.07 } 6.07 6.11 } 6.09 
25 24.28 297.5 57.3 1901 6.01 6.04 
0 — 0.11 273.1 52.6 1745 5.99 5.96 
— 50 — 48.17 225.0 43.4 1440 5.88 5.86 
—100 —100.96 172.1 33.2 1101 5.57 5.65 
—140 —138.01 135.2 26.1 866 5.11 5.23 
—155 —156.3 116.8 22.5 750 4.97 4.87 
—180 —184.3 88.9 17.1 567 4.10 3.99 
—190 —192.3 80.9 15.6 518 3.65 3.68 
(From air) 23.6 4.55 1510 








hydrogen of these reduced temperatures are 
given in column 5 under 7'y. 

The point p=0, T7=23.6°K, is computed 
from the reduced temperature (4.55) at which 
air' has n= 0 for p=1. Helium has been liquefied 
by the use of a regenerator so that it must cool 
itself on expansion at temperatures obtainable by 
hydrogen boiling under reduced pressure. Hy- 
drogen boils at 20.39°K at p=1 atm. and 
freezes at 13.95°K at p=54.1 mm." The temper- 
ature at entry to the regenerator falls at about 
15°K°* in the Leiden arrangement. That is, 23.6°K 
as the inversion temperature at 1 atm. leaves 
sufficient margin for producing liquid. To judge 
from the behavior of air, the inversion curve will 
fall to lower temperatures at higher pressures. 
Mr. Flim of the Leiden Laboratory expressed the 
opinion that if the inlet pressure to the helium 
liquefier was raised to 200 atm., for example, no 
liquid helium would be obtained. Their usual 
inlet pressure is 25 atm." It might easily follow 
from the above that with increased pressure drop 
the integrated cooling effect would decrease 
enough to prevent the formation of liquid. 


'8 Kirkwood and Keyes’ (Phys. Rev. 37, 839 (1931)) esti- 
mate of 54°K from an equation of state is very high when 
compared with the considerations given here. It is quite 
out of agreement with the corresponding state considera- 
tions for air and hydrogen. 

4 Van Laar, L’ Hydrogen et les Gas Nobles. 

'® W. H. Keesom, Rapport et Comm. du 5°"* Congres Int. 
du froid, Rome, 1928, p. 144; and Leiden Laboratory 
Comm. Sup. No. 45, p. 28. 
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On the other hand, the point .=0, T= 23.6°K 
falls readily on the extension of the curve 
through the other points in Fig. 7. The part of 
this curve falling below liquid air temperature 
would be exceedingly difficult to obtain, as, for 
example, air would have to be kept from contact 
with the apparatus. It is hoped, however, to 
cover this region by the use of hydrogen. Table II 


TABLE II. Temperature range of experiments. 








Reduced temps. 
°K  * He H Air 


Min. temp. of exps. 83 —190 16 2.5 0.59 
Max. temp. of exps. 573 300 110 «17.3 4.1 











shows that hydrogen falls, fortunately, over the 
gap in reduced temperature between the helium 
and the air data. In terms of corresponding 
states, this will map out the field from below, to 
110 times, the critical temperature. 

The rapid fall in the value of » with falling 
temperature shows first at about — 75°C. Above 
—75°C yw increases slowly and very steadily to 
about 150°C, where again it begins to fall. The 
steady part covers the range about room temper- 
ature and simplifies materially the temperature 
scale application. 

The high temperature decrease of u was first 
definitely evident at the 250°C reading, so the 
temperature of the bath was pushed up to 
300°C and the value of p; reduced to 142 atm. 
The value of u so obtained confirms the down- 
ward trend. 


The value of uw being independent of pressure 
except at the two lowest temperatures, these 
conclusions hold over the pressure range, 1-200 
atmospheres, of our experiments. 

The definition of a perfect gas [(pv)r= const. 
and u=f(T) only] requires that ~=0. Since 
0.06°C /atm. is a small quantity, helium is a good 
approximation in this particular to a perfect gas. 
The downward trend in the .—T curve above 
indicates that this approximation is improving 
with temperature rise. The pu—p curves for 
helium" are straight lines of positive slope, a, 
which falls steadily with temperature up to 
400°C. These two trends, the fall of both u and a, 
suggest that at a sufficiently high temperature 
helium might become a perfect gas. Calculation 
of n, the free-expansion coefficient, from these 
data however shows that at 200°C 7 is negative 
and increasing numerically. Theoretical con- 
siderations, as will be shown later, also suggest 
that 7 will not go to zero at any high temperature. 
One must conclude that there is no warrant for 
expecting helium to become a perfect gas at any 
temperature. 

A general picture of the isenthalpic curves, 
some physical properties of helium, and cor- 
rections to the helium and air thermometers will 
be presented in succeeding articles. Meanwhile, 
experimental work will proceed on nitrogen and 
mixtures of nitrogen and helium. 

This work has been greatly assisted by several 
grants from the Wisconsin Alumni Research 
Foundation, and it is a pleasure to acknowledge 
our indebtedness. 


16 Holborn and Otto, Zeits. f. Physik 30, 320 (1924). 











Propagation of Large Barkhausen Discontinuities, III.' Effect of a Circular 
Field with Torsion 


L. Tonks AND K. J. Sixtus, Research Latoratory, General Electric Company, Schenectady 
(Received October 20, 1932) 


The propagation of large Barkhausen discontinuities 
along a nickel-iron (15 Ni 85 Fe) wire which is under 
tension alone is practically unaffected by the presence of 
a large circular field caused by a current through the wire, 
but such a circular field creates large effects if the wire is 
twisted. By treating the critical field as a vector having 
the main field as one component and the circular field as 
the other, critical field characteristics were obtained from 
which a simple relation was found between the strain 
applied to the wire and the critical field. This analysis 
shows that the component of the field perpendicular to 
that principal strain axis along which the extension is a 
maximum has no effect on the reversal of magnetization, 
thus establishing this principal strain axis as a direction 
of preferred orientation of the magnetic domains in the 
strained wire. Certain deviations of the critical field char- 
acteristics from the ideal simple form can be accounted 
for by taking account of (1) the change of strain with 


depth in a twisted wire, (2) the change in circular field 
with depth, and (3) the incomplete suppression by the 
applied strain of heterogeneous internal strains near the 
axis of a wire which is under torsion alone. Turning from 
directional properties to an analysis of the magnitude of 
the critical field, dependence of this on strain magnitude 
alone was expected. It appears that another unknown 
factor is of vital importance here. Velocity (longitudinal) 
vs. field plots for torsion alone with a succession of values 
of circular field show in one case the usual increasing slope 
with decreasing propagation range, in another very little 
correlation between these factors. Hysteresis curves taken 
with constant circular field show in some cases negative 
coercive force and negative remanence. A “‘hysteresis”’ 
curve of longitudinal magnetization as a function of 
circular field, taken in zero longitudinal field, was a closed 
symmetrical loop showing a large discontinuity in each 
branch. This behavior is readily accounted for. 





1. INTRODUCTION 


E have seen in I, p. 955, that the existence 
of the large discontinuity is in accord with 
Becker’s theory relating the direction of magnet- 
ization in each domain to the stress tensor there, 
energy minima occurring for orientation in the 
direction of tension in material having positive 
magnetostriction. These considerations !ed natu- 
rally to investigating the effect of a transverse 
field on the propagation. 

This field was obtained by sending a current 
through the wire under test, and although this 
gave a field proportional to radial distance 
throughout the wire, it was much easier to 
achieve than a uniform transverse field for the 
whole length of the wire would have been. Be- 
sides avoiding all difficulties arising from de- 
magnetization effects, it had the additional ad- 
vantage that, being circular, its geometry con- 
formed to that of the wire. The magnitude of this 


1K. J. Sixtus and L. Tonks, Phys. Rev. [2] 37, 930 
(1931) will be referred to as I. II appeared in Phys. Rev. 
[2] 42, 419 (1932). 
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transverse field at the surface of the wire will be 
designated by J/;. 

In all the tests described below the wire used 
was 80 cm long, of 0.038 cm diameter and was 
from the 15 percent NiFe No. 37 ingot already 
mentioned in II, section III. 


2. EFFECT OF CIRCULAR FIELD ALONE 


The first observations were made with a circu- 
lar field in addition to the usual tension and main 
field. Fig. 1 shows that even when //; was as large 
as 8.4 oersteds,' the v-Z7 curve (which lay en- 


1-5 Although oersted has been commonly used in this 
country as the c.g.s. unit of reluctance, it was adopted by 
the International Electrotechnical Commission Meeting 
at Oslo in 1930 as the unit of magnetic field strength. 
This action has been endorsed by authoritative bodies both 
in Europe and in this country, the National Bureau of 
Standards and the American Society for Testing Materials 
being among them. As references, the following articles by 
Professor A. E. Kennelly may be cited. Magnetic-Circuit 
Units as Adopted by the I.E.C., Trans. AIEE, mid-winter 
convention, New York, January 29, 1931. Magnetic-Circuit 
Units Adopted by the I.E.C., Elec. Eng. 50, 141 (1931). 
The Oersted Considered as a New International Unit, Sci. 
Monthly 32, 378 (1931). 
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tirely below 3.2 oersteds) was only displaced a 
little and slightly changed in shape. Point A is the 
starting field with //; in one direction, B with it 
reversed. A slight twist of roughly 45° brought 
these into coincidence at an intermediate value, 
thus indicating the existence of an initial tor- 
sional set which might have arisen in mounting 
the wire except that considerable care was exer- 
cized to avoid just this. Some slight asymmetry 
in the die which formed the wire may, possibly, 
have been responsible. In general, the application 
of a circular field reduced the starting field, and 
the greater //, the less was //,. 

The bringing of A into coincidence with B by 
twisting the wire shows, as one should expect, 
that there is an intimate connection between 
torsional strain and circular field. 


3. CIRCULAR FIELD AND TORSION COMBINED 


This has been confirmed in further experi- 
ments. In order to describe the relations between 
longitudinal field, transverse field, and twist, a 
convention in regard to signs must be adopted. 
The wire under test will be supposed to extend 
horizontally from left to right. The longitudinal 
field and induction are measured from left to 
right, the transverse circular field from bottom 
to top on the front of the wire, and the twist is 
positive when that principal strain which is the 
maximum elongation lies between the positive 
directions of the field vectors. That is, a right to 
left current in the wire gives a positive transverse 
field, while twisting the right-hand end of the 
wire in the sense that moves the front side up- 
ward gives a positive torsion. It is readily seen 
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that the Wiedemann effect in iron gives a positive 
twist for small positive fields, in nickel a negative 
twist. It is likewise evident that the simultaneous 
reversal of any two of these quantities leaves the 
relationship of all three to each other unchanged. 
Finally, a positive jump is one in which AJ is 
positive. For simplicity, and without loss of 
generality, the experiments will be confined to 
these. 


4. EFFECT ON VELOCITY 


Although, in the absence of twist, a circular 
field of 8 oersteds produced only minor effects on 
the velocity of propagation, Fig. 2 shows that a 
field as low as 2 oersteds (applied to a different 
wire) produced marked changes in velocity even 
for small torsional strain. In the absence of a cir- 
cular field the torsion resulting from two com- 
plete turns of one end of the wire 80 cm long 
caused a velocity increase from a minimum of 
7000 to about 16,000 cm/sec. The shift of the 
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Fic. 2. Effect of twisting the wire on the velocity for 
different circular fields. Tension=78 kg/mm*, H=2.76 
oersteds. 


minimum from the zero axis is mainly an elastic 
hysteresis effect. Its smallness shows that the 
constant velocity for torsion greater than 720° is 
in a range below the elastic limit so that the 
“saturation” of the velocity-angle curve cannot 
be attributed to a constant strain condition such 
as might conceivably arise with progressive 
plastic deformation. 
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5. METHOD oF ANALYSIS 


The key to the complicated relations which 
exist under the combined action of 77, IZ, and 
torsion is the behavior of the critical field, to- 
gether with the recognition of the importance of 
the vectorial nature of the variables.? The critical 
field can no longer be represented by a single co- 
ordinate as it can, when, under tension alone, 
only a single direction is involved. It must, 
rather, be shown as a point in a plane, the term- 
inus of a (possibly undelineated) vector which 
can vary in direction as well as length. We were 
thus led to a diagram such as is shown in Fig. 3. 
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Fic. 3. Vector critical fields for torsion alone. 


Here any point represents a magnetic field at the 
wire surface in both direction and magnitude. 
With the wire twisted, say 2 complete turns, and 
with HT, kept constant, /7 had to be increased 
beyond a certain minimum value before the 
large discontinuity propagated. This value and 
H;, are the two components of a critical field and 
determine a point on the plot. For a different //,a 
different minimum field was found and another 
point was fixed. The curve marked ‘‘2 turns”’ was 
determined by a series of such points. Points de- 
termined by approaching this curve by various 
paths all lay on the curve. The same procedure 
gave the 1- and 3-turn curves. For each state of 
strain a whole set of critical fields was found. 


2A preliminary note regarding this has appeared in 
Phys. Rev. 41, 539 (1932) 
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6. VecTOR CRITICAL FIELDS 


Now Fig. 3 exhibits the results of measure- 
ments on a twisted but unstretched wire. At any 
depth in the wire the shear results in a maximum 
elongation at an angle of 45° to the axis, the 
elongation being, of course, greatest at the sur- 
face. 

The significant features of the characteristics 
are, first, their approximate straightness, and 
second, their cutting of the axes at 45°. The 
straightness assures that the components along a 
normal to these lines of all the critical fields rep- 
resented by any one characteristic are equal; and 
the 45° angle shows that this unique direction of 
resolution coincides with the maximum elonga- 
tion. The conclusion is hardly avoidable that the 
component of the applied field along the direc- 
tion of maximum extension is almost solely effec- 
tive in causing the large Barkhausen jump. And 
the comparatively small effect of the other com- 
ponent, even when it is large, shows that this 
unique direction is one of preferred orientation for 
magnetization. This is a striking confirmation of 
R. Becker’s theory relating the direction of mag- 
netization to strain. 

The fact that additional large fields, transverse 
to the preferred direction, do not aid appreciably 
in the reversal of the magnetic vector along it, 
requires a revision of the ideas concerning the 
nature of the discontinuity which were advanced 
in I, section 8. That concept was based upon the 
assumed impossibility of developing large radial 
fields in the wire because the wire would respond 
magnetically. The present results make such a 
response extremely improbable. How the picture 
is to be changed will be taken up in a later paper 
after additional experiments bearing on this 
question have been described. 


7. CALCULATION OF STRAIN 


For further confirmation we have looked to the 
more complicated case where tension as well as 
torsion was present. Interpretation of the results 
requires an analysis of the strain. Imagine a set 
of orthogonal coordinates in the surface of the 
wire, the x-axis lying in a circumference, the 
y-axis parallel to the wire axis. Relative to the 
origin, the point originally at x, 1 suffers the dis- 
placement — pe, e when the wire is given the ex- 
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tension e, Poisson’s ratio being denoted by p. The 
addition of a shear, s, by twisting the wire causes 
the further displacement s parallel to the x-axis. 
By comparing the new distance from the point 
to the origin with the old, it is readily found that 
the extension in the direction making the angle 
tan~' x with the wire axis is 


e,= (e+sx— px?) /(1+x). (1) 


This has, respectively, maximum and minimum 
values of 


(e/2)(1—p) +[s?+e?(1+ ))?]'*/2 (2) 
at 
x= {—e(o+1)+[s*+e(1+ ))?]"?}/s. (3) 


The experiments of immediate interest are 
those in which s is increased from zero in the 
presence of a comparatively large fixed value of e. 
For this range 


€max. = €+5*/4e(p+1) (4) 
€min. = — pe— S*/4e(p+1) (5) 


and the value of x for the direction of maximum 
extension is 


Xmax.= Ls/2e(p+1)]{1—[s/2e(p+1) }}, (6) 


maximum compression (@nin.) lying at right 
angles to this. 


8. ANALYSIS OF OBSERVATIONS RELATIVE TO 
DIRECTION 


Fig. 4 is a set of vector critical field character- 
istics for a 0.019 cm radius, No. 37 wire 80 cm 
long under 62 kg/mm? tension and various de- 
grees of torsion. It is very clear that, from lying 
parallel to the axis when no shear is present, the 
direction of preferred orientation makes an in- 
creasing angle with the axis with increasing 
twisting as Eq. (6) requires. 

The extension of the wire was (4.0+0.1) x 10-*. 
The shear per turn at the wire surface is easily 
found to have been 1.5 X 10~*. A reasonable value 
of p is* 0.3. Accordingly, Eq. (6) can be written 
for this particular case 


Xmax.= 0.1447(1—0.0217°%), (7) 


§Smithsonian Physical Tables, 7th Ed., Tables 81, p. 
101. 


where T is the number of turns given one end of 
the wire. Table I shows how good the quantita- 
tive agreement is between the tangent of the 
observed angie of deviation taken from Fig. 4 and 
the tangent of the principal-strain angle as given 
by Eq. (7). 

Another set of characteristics made with only 
23 kg/mm? tension appears in Fig. 5. The 0-turn 
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Fic. 4. Tension, 62 kg/mm?*. Fic. 5. Tension, 23 kg/mm?. 
Vector critical fields for combined tension and torsion. 


characteristic is missing because the tension was 
too low to give propagation without the addi- 
tional strain introduced by torsion. Applying 
Hooke’s law to find the longitudinal extension in 
this case we are again able to compare preferred 
orientation with principal strain axis. The results 
are given in the lower part of Table I. The agree- 


TABLE I, 


























Tangent of deviation angle 
Tension Torsion Max. extension 
kg/mm? turns _— ss 
ati Direct | Attempted 
calc. corr. 
62 0 0 0 
1 0.11 0.14 0.13 
2 0.25 0.26 0.25 
3 0.34 0.35 0.34 
23 1 0.23 0.34 0.29 
2 0.485 0.54 0.49 
3 0.58 0.66 0.60 














ment is not as good as when the higher tension 
was used, 
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A possible cause for these greater differences 
was thought at first to be the internal strains 
known to exist in the wire. By etching off succes- 
sive layers and observing the changes in length, 
it was possible to estimate the inherent longitu- 
dinal extension in the wire surface. The method is 
that given by Heyn.* We concluded that this 
strain was roughly equal to that which would be 
caused by a tension of 10 kg/mm. There are, of 
course, ring strains in addition which remain un- 
detected by this method. 

The correction of this nature which is able to 
give good agreement in the 23 kg/mm? case is an 
increase of 0.3 10- in e. This corresponds to a 
tension of only 4.6 kg/mm. The resulting strain 
axis deviation values for both tensions are given 
in column 5 of Table I. It is seen that while good 
agreement exists for the 2- and 3-turn cases, a 
large difference persists in a 1-turn case. If this 
correction is applied in these tension cases, it 
should also be applied in the pure torsion case, 
where it would spoil an otherwise good check. Al- 
together it appears that the inherent strain factor 
will not eliminate the discrepancies but rather 
has a negligible effect. This can come about if 
the ring strains in the surface are equal to the 
longitudinal strains there so that together they 
determine no principal strain axis. 

Although the discrepancies of Table I remain 
unexplained, the evidence in it and in Fig. 3 
proves conclusively the coincidence of preferred 
magnetic orientation with the direction of maxi- 
mum extension. 


9. COMPLICATING FACTORS 


In the analysis which has been made only sur- 
face conditions have been taken into considera- 
tion. The characteristics themselves show why 
the underlying layers have been without major 
influence upon those features of the phenomenon 
which have been discussed until now. The curves 
tell us that the greater the strain the less the 
minimum critical field. The strain at the surface 
being the greatest, the minimum critical field 
there is the least, and propagation, when it oc- 
curs, will traverse the surface layer. It must, of 
course, include a finite depth of material so that 
portions of the wire in which the deviation of the 
principal strain axis is less must also be reversed. 


4E. Heyn, Physical Metallography, page 231. 





SIXTUS 


This may be one cause of the discrepancy be- 
tween the calculated direction of principal strain 
and the observed preferred orientation. 

The strain condition which was responsible for 
the 1-turn characteristic in Fig. 4 when 1 turn 
was applied to the wire lies in the level at a/3 
when 3 turns are used, and the 2-turn condition 
lies at 2a/3. Thus the figure is a picture of the 
characteristics of all parts of the 3-turn wire. But 
here an important qualification enters. The 
theory which has been developed as well as the 
positions of the 3- and 2-turn characteristics in 
the range where //,>0 require that they cross 
somewhere, so that the 3-turn line would lie to 
the right of the 2-turn line beyond the intersec- 
tion. There a magnetic field which is able to re- 
verse magnetization under a 2-turn strain would 
be unable to affect the 3-turn condition. But we 
must recognize that under the experimental con- 
ditions the field at the 2-turn level differs from 
that at the surface. In fact, in the range /7;<0 
the proportionality of 77; to radial distance is 
more favorable to reversal at 2a/3 than constant 
IT, would be. 

Reference to Fig. 4 makes this clear. The linear 
portions of the 2- and 3-turn characteristics have 
been prolonged as lines 6 and c. Consider the ob- 
served critical field for the 3-turn case whose 
components are 2.95 and —6.0 oersteds. Since c 
lies to the right of the terminus of that vector, 
that field cannot reverse the surface layer of the 
wire. Neither would the surface field be able to 
reverse the 2a/3 level. At 2a/3 the field com- 
ponents are, however, 2.95 and —4.0 oersteds. 
Here the vector terminus lies on the prolongation 
of the 2-turn characteristic so that reversal in 
this level is just possible. Finally, at a/3 and the 
the axis, the fields 2.95, —2.0 and 2.95, 0, re- 
spectively, considerably exceed the critical values. 
It follows that for the particular fieid chosen, 
reversal in the interior of the wire out to 2a/3 
occurs. 

If only an infinitesimal portion of the wire 
needed to reverse in order to give propagation, 
then no characteristic would cross another, but 
each would join the envelope of the family and 
this envelope would finally turn into the straight 
vertical 0-turn line. But the necessity of reversing 
an appreciable portion requires that the charac- 
teristics cross each other, while the resulting 
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possibility of reversing the interior portions be- 
fore the more highly strained exterior portion 
causes their deviation from straightness beyond 
their intersections. 

Obviously, an analysis of the kind just de- 
scribed must be qualitative rather than quantita- 
tive because, in all probability, the inherent 
strains in the wire cause the conditions at a/3 
under 3 turns to be not strictly comparable with 
surface conditions under 1 turn. 

The same considerations concerning variation 
of H, with radial distance must apply when the 
wire is under torsion alone, but in the case shown 
in Fig. 3 this explanation cannot account for the 
curvature. On the hypothesis that the bending 
does arise from this factor, we may draw in 
‘‘ideal’’ characteristics, straight lines a, b, c at 45° 
to the axes and passing through the intersection 
of the actual characteristics with the 45° principal 
strain axis. Just as in the case of Fig. 4, we choose 
an actual 3-turn critical field, say that one having 
the components 7.6, —6.0 oersteds. The field at 
2a/3 is then 7.6, —4.0 and line b shows that no 
reversal will occur at this level. Similarly for the 
a/3 level. Nowhere along the 3-turn character- 
istic is it found that internal reversal can occur 
on the basis of the present hypothesis. 

It must be concluded that another factor pre- 
dominates here. It may very well be that the 
nonhomogeneous internal strains are not com- 
pletely overcome by the applied strain. This 
would result in a certain scattering of both the 
direction of maximum elongation as well as its 
magnitude, so that domains with preferred 
orientations at other than 45° to the axis and 
with various critical fields exist in the wire. It is 
probably significant that the 1-turn curve having 
the least applied strain shows the greatest 
curvature. 

This view is consistent with the greater devia- 
tion of the characteristics at negative transverse 
fields than at positive. Since the applied strain is 
a maximum at the wire surface, the preferred 
orientation there will lie, in general, nearest to 
45°, and the critical field will be a minimum. This 
is represented by the vector OB in Fig. 6. Below 
the surface, say at a/2, where the applied strain is 
less and the critical field is greater, there will be 
domains characterized by the vectors OA and 
OC. The critical field characteristics correspond- 








| b 
a He 
| 
| 
| 
| 
: 9s A 
| Gu B Cc 
| 
| 
l L_H 
| fe) | 
{ YN 
Nu \ | 
Hs \ 
\| 
\| . 
D c 


Fic. 6. Effect of incomplete alignment of preferred orienta- 
tions on the critical field characteristic. 


ing to these three vectors are a, b and c. It is evi- 
dent that a surface field h, which is unable to re- 
verse the surface domains becomes h,, at a/2 and 
is able to reverse the domains represented by OC. 
Thus the actual characteristic might very well 
have the shape BD in this region. On the other 
hand a surface field g,, symmetrical to h, relative 
to the principal strain, can cause no similarly 
pronounced deviation, for the variation here of 
H, with depth operates against the possibility of 
interior reversal when surface reversal cannot 
occur. 

Torsion tests on other wires have not shown 
the same exactness as appears in Fig. 3 in con- 
forming to the theory, although none have been 
so divergent as to cast doubt on its validity. One 
wire, for instance, gave an angle between axis and 
preferred direction whose tangent was only 0.58 
for 3 turns, but this wire also gave propagation 
under no applied strain. Under this condition the 
critical field characteristic lay perpendicular to 
the H-axis, so that we must conclude that a sur- 
face strain was present whose principal axis of 
elongation lay parallel to the wire axis. The 
normals to the characteristics made angles with 
the wire axis whose tangents are given in column 
2, Table II. From Eq. (3) it is readily found that 


e= (1—x*)s/2(1+p)x, (8) 


and, remembering that for an 80 cm 0.019 cm 
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TABLE II. 











Turns Angle tangent Inherent axial 
T x elongation, e; 
1 0.32 1.62 x 1078 
2 0.48 1.84 
3 0.58 1.97 








radius wire s=1.5X10-*7, the inherent elonga- 
tion values e; in column 3 were calculated. The 
approximate constancy of e; roughly confirms the 
hypothesis of internal strains. Incidentally, the 
average value corresponds to a tension of 25 
kg/mm?. 

Another wire, under two turns torsion, showed 
an angle tangent of 1.27. The points for this plot 
were assembled from data taken in other con- 
nections and the wire later broke so that further 
tests with a view to explaining this type of 
deviation were impossible. 

A wire from ingot No. 37 which had been an- 
nealed at 370°C gave the critical field character- 
istics of Fig. 7. At 1 turn no large jump occurred. 
The deviation angle tangents are 0.71, 0.78 and 
0.78 for the successively larger torsions. An in- 
herent longitudinal surface extension e of 0.80 
X 10-* would lead to the tangents 0.71, 0.79, 0.84, 
respectively. The agreement between the 2- and 
3-turn characteristics is good, while the plastic 
deformation which occurred with 4 turns and 
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Fic. 7. Vector critical fields for an annealed wire under 
torsion only. 
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amounted to a permanent set of about 1/3 turn 
accounts for the discrepancy there. 


10. MAGNITUDE OF THE CRITICAL FIELD 


Since the direction of the minimum critical 
field follows a principal strain axis, it is to be ex- 
pected that the magnitude of this field depends 
on the principal strains alone. The data already 
given in connection with Figs. 3, 4 and 5 are suf- 
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Fic. 8. Relations between minimum critical field and maxi- 
mum elongation for tension and torsion. 


ficient to calculate @y.x., using Eqs. (2) or (4) for 
each curve in all three cases. Fig. 8 is a plot of the 
observed field strengths against the maximum 
extension. The number beside each point is the 
number of turns in the wire. The pure tension 
curve is replotted from II, Fig. 2. 

The infinite slope of curve B can only be inter- 
preted as meaning that some factor other than 
€max. is Of predominating importance where the 
torsion is small. This behavior of the curve arises 
from the circumstance that the minimum critical 
field decreases almost linearly with torsion 
whereas @,ax. increases with its square, Eq. (4). 
Thus, this unknown factor must itself vary 
linearly with s. The compression, Eq. (5), does 
not do this. In fact, symmetry considerations 
prove that there is no factor within the simple 
concept of coincidence between preferred orienta- 
tion and principal strain which has this type of 
variation. We do not know, as yet, how the pres- 
ent ideas must be extended. 

Curve C shows a tendency similar to that of B, 
but as the jump does not occur under such low 
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tension alone, this curve cannot be followed to 
zero torsion. 

A shear s causes a maximum extension s/2 and 
a reduction of the transverse cross section of an 
equal amount. Tension which causes an extension 
é causes a cross-section reduction of 2pe, which, 
with the current value of p, is only 0.6 as great. 
Thus, if transverse compression cooperates with 
longitudinal extension in lowering the minimum 
critical field, as might be expected, curve A 
should lie uniformly below curve D, as it does, yet 
the magnitude of the observed effect is out of all 
proportion to the quantitative difference in 
strain. For instance, measuring the strain by the 
sum of the transverse compressions plus the ex- 
tension, we have for equal extension, 2 units of 
strain with torsion and 1.6 with tension, a differ- 
ence of 20 percent. Yet a torsional @max. of 2.3 
X 10-* gives a critical field of 2.1 oersteds, while 
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Fic. 9. Velocity-field curves for the same wire as in Fig. 7 
under 3-turns torsion for different critical fields. 


at a tensional @y.x. of 5X10-*, the critical field 
still lies above this value and is only falling 
slowly with increasing €,,.x.. Besides, a qualitative 
distinction appears, for below an @nax. of about 
2.4X10-* tension no longer produces large dis- 
continuities, whereas torsion produces them for 
values of @max. below 1.5 10-*. These differences 
between tension and torsion are undoubtedly 
connected with the anomalous shape of curve B. 


11. VeELocity-FrELD CHARACTERISTICS 


The Figs. 9, 10, and 11 each show a series of 
velocity vs. (longitudinal) field plots for a suc- 
cession of values of circular field. (Figs. 9 and 11 
are for wires whose critical field characteristics 
appear in Figs. 3, 4, 5, and 7 according to the 
legend on each figure.) Although no consistency is 
obvious from the figures, yet a partial explana- 
tion of their behavior can be given which is based 
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Fic. 10. Velocity-field curves for a wire under 78 kg/mm? 
tension and 3-turns torsion for different circular fields. 
Insert is the critical field characteristic. 


on the general relation between propagation 
range, /7,—H7), and slope, A, which has already 
been remarked upon, and which will be consid- 
ered in greater detail in a later paper. It will be 
remembered that the increase of the one ac- 
companying a decrease in the other has already 
been reported in II for etched as compared with 
unetched, hot as compared with cold wires, and 
for one portion of a single wire as compared with 
another portion. 

While the curves of Fig. 9 corresponding to the 
3-turn characteristic of Fig. 7 exhibit this 
beautifully, the other two sets fail to conform. In 
the case of Fig. 10, where the propagation range 
remains unchanged at 1.3 oersteds, a convincing 
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Fic. 11. Velocity-field curves for the same wire as in Figs. 
3, 4, and 5 under 2-turns torsion, 
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explanation is possible. This case differs from all 
the others which have so far been examined in 
the important respect that here negative values 
of H, lead, as has already been pointed out in 
paragraph 9, to propagation in a sub-surface 
level of the wire. The progress of the jump is thus 
hampered by additional eddy currents independ- 
ent of any change in starting field with depth in 
wire. A similar decrease in A has been observed in 
a wire after surrounding it by a copper tube, 
which, obviously, had no effect on the starting 
field. This does not explain the constancy of 
H,— Hp , but simply how the slope can decrease 
despite the constant propagation range. 

Turning to Fig. 11, either the slope, at 10,000 
cm/sec, or the quotient of maximum velocity 
and propagation range, when plotted against 
propagation range, gives a rather scattered array 
of points. Although the best straight line fit con- 
forms to the general relation, this is a poor con- 
firmation. Now in accordance with the considera- 
tions of Fig. 6, a certain amount of sub-surface 
propagation is occurring here just as in the case 
of Figs. 7 and 9. Yet if this was insufficient to sup- 
plant the reciprocal variation of /7,—J/I,) and A 
in the former case, it is not evident why it should 
here. Altogether, we see no good reason for the 
nonconformity of this series, and it must be 
classed as an exception. 


12. HysTEREsIS Loops 


Connected with the large effects of torsion and 
circular field on critical field there are, necessarily, 
correspondingly great changes in the hysteresis 
loop. Fig. 12 shows these effects for the same 
wire that was used to obtain Figs. 3, 4, and 5. 
The wire was twisted 2 turns in 80 cm length. 
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Fic. 12. Hysteresis loops for the same wire as in Figs. 3, 4, 
5, and 11 under 2 turns torsion for different circular fields. 
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Each full line curve is one branch of the hysteresis 
loop obtained in a circular field whose strength in 
oersteds at the wire surface is denoted by the 
numbers attached to each curve. The breaks oc- 
cur at the starting rather than the critical fields. 
The critical field is, of course, smaller algebraic- 
ally. 

An outstanding feature in the family of Fig. 12 
is the negative coercive force and negative rem- 
anence of the sample for /7;,= 8.4 oersteds. Al- 
though the axial component of the impressed 
field is negative, still its component along the 45° 
direction is effective in creating a sufficient net 
reversal of magnetization along this line so that 
the longitudinal component of induction becomes 
positive. In the reverse process this is compen- 
sated by a greater lag of induction behind field, 
shown by the other branch of the loop in dashes. 

This reverse branch is simply the — 8.4 branch 
projected through the origin as a point of sym- 
metry, a relation which follows from the fact, 
noted earlier, that reversal of two of the three 
vectors, field, magnetization and torsion, leaves 
the interrelations unchanged. In the present case 
it is the first two vectors which are reversed. 


13. MAGNITUDE OF THE LARGE DISCONTINUITY 


Various factors make an analysis of variation 
in jump magnitude with transverse field impos- 
sible at the present time. It is, of course, certain 
that this magnitude is a measure of the fraction 
of the wire cross section participating in the 
jump. Under torsion alone the axial component 
of the magnetization at all radial distances is the 
same because the strain axis lies throughout at 
45° to the wire axis. Accordingly, in this case the 
jump magnitude is directly proportional to the 
participating cross section. But where tension 
also is present, the axial component increases 
with depth. This is a factor which can be calcu- 
lated in those cases where we know the levels in- 
cluded in the propagation. 

On the other hand, jump magnitude in a 
twisted wire depends markedly on the main field 
alone, increasing with it. This is because the 
critical field increases with depth in the wire so 
that the larger main fields still exceed the critical 
field at smaller radial distances with the result 
that a greater fraction of the cross section re- 
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verses. Both the lower and upper limits of propa- 
gation are, however, fixed by the inhomogeneity 
of the wire, the lower limit by point to point 
variations in critical field, the upper by the mini- 
mum value of starting field for the whole wire. If 
it were certain that the same starting field was 
operative no matter what the ratio of transverse 
to longitudinal field might be, an analysis might 
be possible, but this is certainly not the case. For 
negative circular fields, for instance, it is very 
probable that the starting field may correspond 
to a sub-surface point while for positive //; it cor- 
responds to a surface point. We thus lack a basis 
for the comparison of jump magnitudes. 
Finally, the deviations of the critical field 
characteristics, not only from the ideal straight 
lines or modified straight lines but also from the 
calculated inclinations, show the presence of 
factors whose effect on the magnitude may be 
considerable yet cannot be estimated. 


14. TRANSVERSE EFFECTS 


Theory requires that accompanying the sud- 
den changes in longitudinal magnetization there 
should be corresponding discontinuities in trans- 
verse magnetization, but as this flux forms a 
closed path within the wire itself, the only means 
for detecting it is a potential gradient along the 
portion of the wire occupied by the propagating 
jump. Such an e.m.f. has often been observed in 
twisted wires where no large jumps occurred so 
that it is only natural that it appeared here.*° 


4-5 Footnote added in proof: Using this (Matteuci) effect 
together with simultaneous observations of the changes in 


But, interchanging the roles of longitudinal and 
circular fields, we see that transverse magnetiza- 
tion induced by a transverse field should be ac- 
companied by a longitudinal component. The ex- 
periment is very like that described by Bozorth 
and Dillinger® on the ordinary Barkhausen effect, 
except that here the magnetic domains are 
polarized by the torsion so that all components 
perpendicular to the field have the same sense 
instead of lying half one way, half the other. 

Strangely enough, such an effect for ordinary 
ferromagnetics seems not to have been reported 
on previously, although closely related phenom- 
ena such as the induction of longitudinal mag- 
netization under varying torsion in a constant 
circular field has been described in some detail.® 

Since the effect of circular field was more pro- 
nounced when tension as well as torsion was act- 
ing, the results for the wire when subjected to 
23 kg/mm? and 3 turns will be described. A set 
of hysteresis curves similar to those of Fig. 12 
are given in Fig. 13a. Fig. 13b was obtained in the 
following manner: 


longitudinal induction, H. Ostermann and F. v. Schmoller 
(Zeits. f. Physik 78, 690 (1932)) have recently given an 
independent demonstration of the coincidence of preferred 
magnetic direction and principal strain axis in twisted 
wires. In the succeeding article (p. 697) W. Schiitz dis- 
cusses the connection between their results and the theory 
of magnetization curves. 

5 R. M. Bozorth and J. F. Dillinger, Phys. Rev. 41, 345 
(1932). 

* H. Gerdien, Ann. d. Physik 14, 51 (1904). 
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Fic. 13a. Hysteresis loops of a wire under 23 kg/mm? tention and 3 turns torsion for 
various circular fields. 

Fic. 13b. Longitudinal component of induction vs. circular field for the wire under the 
same conditions as in a. 
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With 7/,=—8.4 oersteds the wire was sub- 
jected to a strong negative longitudinal field 
which was then reduced to zero. This state of the 
wire corresponds to point A in Figs. 13a and 
13b. H;, was then increased (algebraically), the 
wire state traversing the line AA’ in Fig. 13b but 
remaining at A in Fig. 13a, where the effect of 
changing //; was to bring the starting field closer 
and closer to zero. At /7,=4.2 the starting field 
was exceeded and the jump ensued, carrying the 
wire to point C in both figures. Further increase 
in FZ, up to +8.4 oersted brought the wire to 
point D. The change in magnetization between C 
and D can only be made up of reversals in do- 
mains controlled by the applied strain but whose 
vector critical fields were too large or insuffi- 
ciently deviated from the wire axis to participate 
in the large jump. 

Reduction of //; from its extreme had no effect 
until the critical field on the negative side was 
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reached. The occurrence of the jump at the crit- 
ical rather than a slightly larger field when the 
wire has not been carried to saturation has been 
noted before (I, section 9). Allowing for this, the 
two jumps may well be equal and may well 
have the same critical field. Finally, the loop 
closed when —8.4 oersted was reached once 
more. We have thus found that accompanying a 
cycle of a purely transverse field there is a sym- 
metrical longitudinal loop. Its unsymmetrical 
position on the induction axis arises from the 
longitudinal polarization of the axial portion of 
the wire which is unaffected (so far as longi- 
tudinal effects are concerned) by the transverse 
field. 

Referring to the axial direction alone, the large 
discontinuities in this loop demonstrate that the 
presence of a circular field makes possible the 
propagation of a positive jump in a zero and un- 
doubtedly even a slightly negative main field. 
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Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this depariment. Closing daies for this 
department are, for the first issue of the month, the 
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Sifteenth of the preceding month; for the second issue, 
the first of the month. The Board of Editors does 
not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


Paramagnetic Saturation in a Single Crystal 


Jean Becquerel and one of us developed a method, which 
allows one to study the paramagnetic saturation in the 
direction of the optical axis of crystals by observations of 
the Faraday-effect.' If the basic level is doubly degenerate, 
the magnetic moment belonging to this level in the direc- 
tion of the axis can be determined from the curvature of 
the graph which represents the magnetic rotation as a 
function of H/T. 

This method has been applied to several (mostly natural) 
crystals, but as yet no check with direction susceptibility 
measurements has been obtained, the only available data 
on saturation curves being measurements on crystal 
powders.’ 

We now have determined the magnetization of a mono- 
axial single crystal of dysprosium ethylsulphate as a 
function of temperature and field strength, in two direc- 
tions: the optical axis and a secondary axis perpendicular 
to it. 

We found that at the temperatures of liquid helium the 
magnetization curve in the first direction has the form of a 
hyperbolic tangent, with a magnetic moment of 5.7 Bohr- 
magnetons. This is in excellent agreement with the optical 
measurements, which gave 5.66 Bohr-magnetons. In the 
direction perpendicular to the axis a susceptibility of about 
1.2 10-3 was found which was almost independent of the 
temperature, and which showed merely a beginning of 
saturation at the highest fields. This is exactly what is to 


be expected theoretically for a doubly degenerate basic 
level, if the crystalline field shows a deviation from 
cylindric symmetry. Whether the susceptibility varies in 
the plane perpendicular to the axis has not yet been inves- 
tigated. 

At higher temperatures other levels than the basic level 
are occupied. At 14° the susceptibilities differ about 10 
percent, a beginning of saturation being observable in the 
direction of the axis; at 20° the difference is but 3 percent. 
At 64° the ratio of the susceptibilities has increased to 1.30. 
This ratio slowly increases further to 1.33 at about 200°, 
and decreases then to about 1.25 at 290°. The susceptibility 
in the direction of the axis is always the larger. Between 
20° and 290° the susceptibility perpendicular to the axis 
follows approximately Curie’s law, with a magneton 
number of about 9} Bohr-magnetons. The susceptibility in 
the direction of the axis follows a more complicated law. 

The investigations will be continued and extended and 
we also hope soon to give the accurate absolute values. 

W. J. pe Haas 
J. v. D. HANDEL 
C. J. GorTER 
Kamerlingh Onnes-Laboratorium 
Leiden, Holland 
December 1, 1932 


1Comm. Leyden 193%, 204%, 211°, 211°, 218%. 
2 Comm. Leyden 173°, 222. 


Molecular Rotation in Ice at 10°K. Free Energy of Formation and Entropy of Water 


In two brief notes Mecke and Baumann" have an- 
nounced an interpretation of several of the rotation-vibra- 
tion bands of the water molecule. With the assistance of 
these data we have made a preliminary calculation of the 
entropy and free energy of water by means of the Sackur- 
Tetrode equation. Although there are still small uncer- 
tainties in the molecular constants, we may nevertheless 
obtain quite accurate values. These and other values have 
been compared with the low temperature calorimetric 
measurements on ice. It has been possible to show that the 
facts are consistent with lack of equilibrium bet ween ortho 
and para water in ice and indicate rotation of ortho water 
in ice. 

Although small deviations occur in comparing the spec- 
troscopic data with the relation J; +J2=J; which holds for 
the principal moments of inertia of planar molecules, we 
prefer to accept this equation with J,= 1.907 x 10~*° g-cm? 
molecule, and J;=2.985X<10-*. The absolute entropy 


of gaseous water is found to be 47.92 cal.-deg.~'-mole™ at 
298.1°K and 1 atmosphere. In making this calculation the 
symmetry number of water was taken as 2. The entropy 
value which corresponds to that usually used in thermo- 
dynamic calculations, namely the absolute entropy less the 
effect of nuclear spin, is found to be 47.92—R In 4=45.17 
e.u. 

Combining this value with He, Seos,; =31.23 e.u.2 and 
Os, Soos.1=49.03 e.u.2 we obtain ASeos.;=—10.58 e.u. 
Rossini‘ gives AH 29s.; = — 68,313 cal.- mole for the forma- 
tion of liquid water from the elements. For gaseous water 


' Mecke and Baumann (a) Naturwiss. 20, 657 (1932). (b) 
Phys. Zeits. 33, 833 (1932). 

* Giauque, J. Am. Chem. Soc. 52, 4816 (1930). 

’Giauque and Johnston, J. Am. Chem. Soc. 51, 2300 
(1929). 

‘ Rossini, Bur. Standards J. Research 6, 1 (1931). 
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AHoaos.1 = —57,823 cal.- mole. Thus for H2+}0.=H.,0, 
AF 298.1 = —54,669. This may be compared with the value 
AF 298.1 = — 54,676 calculated by Eastman® from the reac- 
tions HgO =Hg+ 302 and Hg0+H2=Hg+H:,0. 

In addition we obtain values from the equilibrium data 
of von Falkenstein® and of Korvezee’ on the reaction 
2HCI+ 302=H20+Cly. These data have been combined 
with Rossini’s calorimetric heats of formation of H,O * and 
of HCI® from the elements and with the free energies of 
HCl, Cl, * and O, '° obtained from spectroscopic data. The 
preliminary values are H2,O(g), Soos.1 =45.1+0.1 e.u. and 
AF 29.1 = — 54,650. 

From the low temperature heat capacity measurements 
on ice by Simon" combined with the well-known heats of 
fusion and vaporization the entropy of the gas at 298.1°K 
and 1 atmosphere is calculated by the usual third law 
method to be 44.23 e.u. The heat capacity measurements, 
which are very reliable, extend to 10°K and were extra- 
polated below this temperature. The large difference 
between the values is believed to be due to the persistence 
of rotation of water molecules in ice below 10°K. 

Near its melting point ice has a dielectric constant" 
comparable with the very high value obtained for liquid 
water. As the temperature is decreased to about 100°K, the 
dielectric constant decreases to the low values which 
might be expected of a nonpolar substance. This is evi- 
dently due to loss of rotation of the electric moment, as 
would be expected from the interaction of the dipoles. 
However, clockwise and counterclockwise rotations about 
the symmetry axis of the molecule involve no rotation of 
electric moment and would be expected to persist to much 
lower temperatures. 

As in other molecules with two identical atoms having 
nuclear spin, water consists of two noncombining types of 
molecules. The analysis of Mecke and Baumann shows 
that the rotational level characterized by j =0, is symmetric 
with respect to rotation for the ground state. From this it 
follows that when water is cooled to sufficiently low tem- 
peratures, lack of equilibrium will leave } of the molecules 
with j7=1, while } will have 7=0. The nonpolar rotation 
mentioned above would apply only tothe molecules trapped 
in the state j7=1. Thus if this rotation persists at 10°K, a 
correction of 3 R In 2=1.03 should be added to the entropy 
obtained from the heat capacity measurements. The cor- 
rected third law value then is Soos,, = 44.23 + 1.03 =45.26 
e.u. in excellent agreement with the values given above. 
The resultant value of AFoos.1 = —54,696. 

Several additional methods of investigating the lack of 
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equilibrium and its accompanying phenomena are im- 
mediately obvious. Work on the equilibrium reaction 
MgO +H:,0 = Mg(OH): and on several crystalline hydrates 
has been in progress for sometime by a group in this 
laboratory. Experiments have been started on the effects 
of allowing ice to remain at low temperatures for varying 
periods of time. The first experiments will cover observa- 
tions on the melting point. Optical observations and further 
heat capacity measurements at low temperatures are other 
methods of approach. 

For comparison the several values given above are 
tabulated in Table I. 


TABLE I. Free energy of formation and 
entropy of gaseous water. 











AF 298.1 S298.1 
cal.-mole~ cal.-deg.—'- mole 
— 54,669 45.17 Band spectra 
— 54,676 45.19 H.+HgO=Hg+H.0, cell 
— 54,650 45.1 2HCI+ 302=H20+Clh, equi- 
librium 
— 54,696 45.26 Third law of thermodynamics 








More exact calculations on the above and on several 
other reactions involving water at high temperatures are 
in progress. 

Preliminary values may be given as 
H2+302=H:2O0(g) AFoos.1 = —54,670 cal. + mole 
Ho+302.=H:,0(1) AFoos.1 = —56,720 
H,0(g), Soos.1 =45.17 (absolute 47.92) cal.+deg.~'+ mole 
H,0(1 ), Soo.1 = 16.9. 

W. F. GIAUQUE 
MvrIeEL F. ASHLEY 
Department of Chemistry, 
University of California, 
Berkeley, California, 
December 2, 1932 


®> Eastman, Circular 6125 U. S. Dept. Comm. Bur. of 
Mines. 

® von Falkenstein, Zeits. f. physik. Chemie 59, 313 (1907). 

7 Korvezee, Rec. trav. chim. 50, 1092 (1931). 

5 Rossini, Bur. Standards J. Research 9, 583 (1932). 

9 Giauque and Overstreet, J. Am. Chem. Soc. 54, 1731 
(1932). 

'0 Johnston and Walker, J. Am. Chem. Soc., in press. 

"Simon, Handbuch d. Physik X, 363. 

2 Int. Crit. Tab. 6, 79. 


The Plasticity of Rocksalt and Its Dependence upon Water 


For years it has been known, that, if rocksalt crystals be 
placed in water and allowed to remain there for a short 
while, they become quite plastic. Also their tensile 
strengths when measured while in this plastic condition 
are found to be abnormally high (Joffe effect), sometimes 
10 times as high as the values found before the crystals 
were made plastic. These peculiarities of rocksalt have 
furnished the themes for a great number of investigations, 
which have been carried on chiefly in Germany and in 
Russia. The German group of investigators may be said 


to be headed by Polanyi and Ewald, and the Russian group 
by Joffé. 

As a result of these varied experiments two distinct views 
are being entertained regarding the action of the water 
upon the salt and the mechanism of the resulting increases 
of plasticity and of tensile strength. One view, that taken 
by Joffe, is that the water simply heals up the many mi- 
nute fissures which are upon the dry surfaces of the 
crystals. With these fissures closed up, that is, with 
perfect surfaces, premature breaking or tearing is pre- 
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vented and as a result the salt is more plastic than when 
dry and has a strength more nearly approaching the cal- 
culated values. According to the other view, the water is 
supposed actually to enter into the crystal lattice, and, 
acting perhaps as a lubricant, make the crystal more 
plastic. Then as a result of any plastic deformation or 
“working” of the crystal which has thus been made 
possible, a sudden increase in the tensile strength sets in. 
The water causes the plastic limit to be lowered below the 
breaking point, and a subsequent deformation produces 
the increase in the strength of the crystal. 

The fact that the water is supposed to act upon the salt 
either upon the surface of the crystal or within its in- 
terior, suggests a new method of approach to this problem. 
This consists simply in making a piece of salt plastic, 
removing its surfaces, and then testing by means of infra- 
red absorption for the presence of water in the remaining 
piece of salt. A prism of salt, about 51240 mm, is 
made plastic in water, removed and its surfaces thoroughly 
dried. It is then coated with molten paraffin and its two 
ends split off leaving the crystal about 30 mm long and 
with fresh cleavage planes for ends. Assuming that rock- 
salt is transparent in the near infrared and that the two 
ends (fresh cleavage planes) are free from water, the 
infrared transmission is measured from 1.54 to about 4.0xu. 
If the water in making the salt plastic has acted only 
upon the surfaces (Joffe) no absorption should be found 
around 3u where water has its strongest bands. If it has 
actually entered the crystal (Polanyi and Ewald) the 
absorption of the water must show up and be propor- 
tional, roughly at least, to the length of the salt crystal 
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used. As a result of a long series of experiments upon 
some fifty-odd samples of salt, it has been found that 
plastic salt always shows definitely the presence of water 
within its interior, and, that the absorption is proportional 
to the length of crystal used. 

It was found that crystals of salt taken from various 
sources reacted quite differently to tests of this kind. 
Some specimens even in their normal brittle condition 
contained a noticeable amount of water. Some became 
very plastic quite easily, while others would only become 
slightly plastic. A given sample was measured “dry”’ and 
no absorption found, and then again after having been 
made plastic or ‘‘wet.’’ After heating this wet crystal in 
an oven for about 24 hours at 150°C the absorption which 
had been found while the crystal was wet could not be 
found. This piece of “dried” salt was again made wet 
and absorption again found. This process could be repeated 
a number of times. In each of these cases the presence or 
absence of the water absorption depended only upon the 
degree of brittleness or plasticity of the salt. The presence 
of water on the inside of the crystal is characteristic of the 
plastic condition. It is believed that the water actually 
enters the crystal along the crevices between the minute 
mosaic blocks postulated by Zwicky and Smekal for 
crystals of this type. A further discussion of this problem 
and the results obtained will appear in a later number of 
this journal. 

R. BOWLING BARNES 

Johns Hopkins University, 

Baltimore, Maryland, 
December 9, 1932 


An Anomaly in the Columbium K Absorption Limit 


During some work on the matching of the transmission 
curves of various pairs of thin metallic foils for x-rays a 
peculiar curve was observed at the K absorption edge of 
columbium. The shape of the foot of the K absorption 
edge of columbium was very different from that of rho- 
dium, paladium, silver, cadmium, molybdenum. 

The accompanying curves are a plot of a transmitted 
continuous spectrum as a function of the wave-length; 
thus a low ordinate corresponds to a high-absorption coef- 
ficient, and a high ordinate represents a low-absorption 
coefficient. The molybdenum curve shows a perfectly 
normal K absorption edge and is similar to the curve 
obtained from each of the other elements investigated 
except columbium. The dotted line shows the curve 
normally expected of columbium, judging from similar 
curves of the other elements; but as it appears in the 
diagram, the actual curve is anomalous. 

The anomalous part of the curve was run on two dif- 
ferent days. In order to be sure there was nothing peculiar 
about the impinging beam or the outfit, the two curves 
were taken simultaneously alternating between molyb- 
denum and columbium for each setting of the spectrom- 
eter. Anything peculiar to the outfit or impinging beam 
would have shown up in the molybdenum curve. (Fig. 1.) 

Crecit J. BURBANK 

Depart ment of Physics 

Stanford University, California 
December 7, 1932 
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The Passage of Photoelectrons through Mica 


The writers have recently developed a theory for the 
photoelectric current in gases between parallel plate elec- 
trodes.! This theory was based on the fact that the observed 
current is determined by Ramsauer scattering by the gas 
atoms with consequent return to the emitting plate, and 
led to an equation which predicted the ratio of the current 
to its saturation value in terms of the field strength and 
various constants of the gas. In particular it was shown 
that for moderately small field strengths (in the case of 
gases) the ratio should vary as the square root of the 
field strength. Experimental data by one of us? were shown 
to obey this equation. 

Since the deduction of the equation involved no par- 
ticular properties of the gas save its scattering power and 
density, there seemed no essential reason why the theory 
should not apply to solid dielectrics. Obviously many addi- 
tional complicating factors will be introduced in such an 
experiment, but it seemed reasonable to predict that if 
electrons were emitted into a crystal from a photoelectric 
surface, they should be drawn through to an anode by suf- 
ficiently high accelerating field strengths. The rather inter- 
esting aspect of such an experiment, together with the 
absence of any experimental data on the subject, made it 
seem worth while to look for the appearance of the phe- 
nomenon. Joffe’ has suggested such an experiment, but 
no published results have been seen. 

The experiment could be set up in extremely simple 
form. The dielectric chosen was mica because of the ease 
with which thin sheets and correspondingly high field 
strengths could be obtained. Furthermore, the time 
necessary to establish complete polarization at ordinary 
temperatures is somewhat less than with other common 
crystals. A heavy plane polished cathode of zinc served as 
the photoelectric source and support for the mica sheet. 
In order to permit the ultraviolet light from a quartz 
mercury arc to reach the zinc surface it was necessary to 
use a transparent conducting liquid as the anode. This was 
contained in a heavy annular copper ring resting on the 
mica. Fig. 1 shows the essential elements of the apparatus. 


UY. light 


Water 
Copper Ring 
Mica 
Zinc 
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Fic. 1. Diagram of apparatus. 


Slightly acidulated water was used as the conducting 
liquid (because of its known transparency to the 2537 line 
of mercury). The absorption of the mica for this line was 
not known, but experiment showed it to be of no im- 


portance. A Compton electrometer was used to measure 
the currents and dry B batteries as the source of potential. 
The first experiments were carried out with mercury 
in place of the water to check on the ordinary conductivity 
of the mica and the various time effects which have been 
observed in such experiments. Typical curves, such as those 
reported by Joffe, were obtained for the current as it 
varied with the time after the first application of the 
potential. Furthermore the value of the resistivity was in 
general agreement with that given in the literature. 
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Fic. 2. Current-time curve with photoelectric plate positive 
(retarding field for photoelectrons). 


Experiments were then carried out in which water 
replaced mercury as the upper electrode. With no ultra- 
violet light, the time-current curves with the zinc plate 
both positive and negative with respect to the collecting 
electrode were the same and identical with those obtained 
with mercury. (See Figs. 2 and 3.) Alternate readings 30 
seconds apart were then taken with and without ultra- 
violet light, the readings being started 30 seconds after the 
application of the potential. Under such conditions entirely 
different results were obtained when the zinc plate was 
negative. The curves, however, with the zinc positive were 
identical with those in which no ultraviolet light was 
employed. The various types of curves obtained are shown 
in the accompanying figures. It is seen that with the zinc 
negative and the field in a direction such as to draw elec- 
trons through the mica, there is an additional current 
superimposed the ordinary conduction current. These 
curves do not become parallel until the mica has reached 
practically a steady state of polarization. The difference 
between the curves at this point could be taken as a 
measure of the photoelectric current passing. The fact that 
there was no difference between the light and dark curves 
when the zinc was positive showed that there was no 
appreciable internal photoionization of the type observed 
by Gudden and Pohl and others. 

A series of runs could then be taken with different 
applied potentials and the added photoelectric current 


' Young and Bradbury, Phys. Rev. 43, 34 (1933). 

2 N. E. Bradbury, Phys. Rev. 40, 980 (1932). 

3 Joffe, Physics of Crystals, pp. 143, McGraw-Hill, 1928. 

4 Reference, 3, p. 70. 

®>Gudden and Pohl, Handbuch d. Physik (Geiger and 
Scheel) 13, 130. 





—EE 





———_——— 


LETTERS TO 


studied as a function of field strength. Potentials were 
employed as high as 100 volts which corresponded (with 
the thickness of mica employed) to field strengths of 
25,000 volts/cm. Because of the polarization this is not 
necessarily the value of the field strength at the cathode. 
The results obtained, however, are plotted as a function 
of the applied potential and shown in Fig. 4. The solid 
curve is that obtained by plotting the photoelectric current 
directly against potential and the dotted line that ob- 
tained when the results were plotted on a square root scale. 
The straight line so obtained is in interesting agreement 
with that predicted by the theory developed for gaseous 
scattering. 

It is unfortunately impossible to make quantitative 
studies of the quantities involved in the theoretical equa- 
tion. This is due, first, to the difficulty of obtaining an 
exact measure of the number of electrons emitted by the 
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Fic. 3. Current-time curves with photoelectric plate 
negative showing increase in current due to photoelectric 
contribution. 


zine plate (i); and secondly, to the influence of polar- 
ization in the mica which makes the simple calculation of 
the field strengths meaningless. Consequently we are 
forced to observe merely that the variation is of the proper 
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form agreeing with that predicted. However, previous 
experiments under not greatly differing conditions, per- 
mitted us in this particular case to make some estimate of 
the magnitude of ip. The calculation was necessarily ex- 
tremely approximate but led to a not unreasonable value 
for scattering cross section of the atoms of the mica crystal. 





~ ~ 
& io) 


Current 
~ 
% 






~ 
S 


The line Brepresents the 
data of curve A plotted 
aganst a Vor scale 


% 


S_ 


Additional Photoelectric 
9S 
> 


8 








al’ 2 4 S 8 10 (Volts 


“0 0 2 3H £4 50 GO 7 80 9 0 Wo 
Volts 





Fic. 4. Variation of photoelectric current with applied 
potential. 


The thinness of the mica and the weight of the liquid 
caused excellent contact between the plane polished zinc 
surface. As a test, however, of this contact, an experiment 
was carried out in which a drop of water was placed on the 
zinc and the mica pressed down to remove any possible 
air film. No appreciable difference was observed in either 
the ordinary dark conductivity or the increased photo- 
electric current. This establishes, apparently, the excellence 
of the mechanical contact under the conditions of the 
above experiments, and also rules out the possibility of 
spurious surface charging effects. 

These results are being published in this form and with 
this interpretation in the hope that they may be of interest 
to those working in the field of dielectrics. It is possible 
that such photoelectric currents may play some role in the 
obscure phenomena of dielectric breakdown. Owing to the 
inadequacy of polarization theories for actual dielectrics, 
and the difficulty of obtaining to, it does not seem of im- 
mediate interest to subject these experiments to further 
refinements. They are, however, of interest in that they 
show rather strikingly the comparatively open structure 
of a crystalline solid for electrons of quite low energy. 

Norris E. BRADBURY* 
Lioyp A. YounG* 
Massachusetts Institute of Technology, 
December 12, 1932 


* National Research Fellow in Physics. 


The Herschel Effect with X-Rays and with Blue Light 


If a photographic emulsion is exposed to light so as to 
produce considerable developable density, and is then 
subjected to a second exposure to light, the second ex- 
posure may, under certain conditions, partially or totally 
destroy the latent image produced by the first. This 


destructive action produced by a second exposure is called 
the Herschel effect. 
The hypothesis of Blair and Leighton! as to the nature 


' Blair and Leighton, J. Phys. Chem. 36, 1649 (1932). 
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of the process forming the latent image when considered 
with the findings of Jones and Hall? suggested that the 
Herschel effect could be obtained with x-rays if the inten- 
sity was sufficiently feeble. Previous attempts to obtain 
this effect with x-rays had resulted in failure. 

To determine if this suggestion was valid, a sheet of 
Azo number 5 paper was exposed to the direct light from 
a 1000-watt lamp at a distance of 50 cm for 10 seconds. 
A similar sheet was exposed for 30 seconds under identical 
conditions. Two other sheets were exposed to a 100-watt 
lamp at the same distance for 30 and 60 seconds respec- 
tively. Control sheets were then exposed and developed. 
They showed that high developable densities were pro- 
duced by the first two exposures, and moderate densities 
by the other two. 

The four sheets, exposed but not developed, were super- 
imposed and enclosed in an x-ray envelope made of red and 
black paper. Sheets of lead were then fastened to the 
envelope so that parts of the sensitized sheets could be 
exposed without affecting other parts. 

The envelope was then placed in a room in which an 
x-ray machine operated 4 hours per day. It was so placed 
that no direct radiation could fall upon the sensitized 
paper, and that the intensity of the secondary radiation 
would be very low. After an exposure of 4 months the 
sensitized papers were removed and developed. The 
Herschel effect was strikingly apparent. The density of 
those portions of the paper exposed to x-rays was very low, 
about 0.2, and those in the shielded portions were equal to 
that of the respective controls. The same patterns in black 
and white existed in each sheet, as would be expected from 
their positions during exposure to x-rays. 

Considerable doubt has existed as to the possibility of 
the production of the Herschel effect when the second 
exposure was made to blue light. Infrared, red, and yellow 
are the most effective agents for the production of this 
effect. 

Liippo-Cramer*® announced that he had been able to 
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produce the Herschel effect with blue light. In a later paper* 
he stated that the effect was doubtful for the filter used in 
his experiments transmitted infrared. E. Mauz® reported 
that the short wave limit of the Herschel effect on Satrox 
paper was 600 m.u. Y. Kamada‘ reported, without stating 
his method, that he had produced the Herschel effect with 
blue light. 

Reasons suggested earlier indicated that the Herschel 
effect could be produced with blue light if the intensity 
was sufficiently faint. It was obtained in that manner. A 
25-watt frosted incandescent lamp was placed in front of a 
Hilger wave-length spectrometer. Between these two was 
placed a blue Wratten Laboratory filter number 50. A very 
narrow slit in the collimator permitted a small amount of 
light to enter. The telescope slit was set so that only blue 
light would be permitted to leave the instrument. A 
ground glass was placed just outside of the telescope slit 
to scatter the emergent blue light. The telescope was 
enclosed in a dark box. The intensity of the blue light in 
this box was so faint that exposures of several days were 
required to produce appreciable developable densities on 
ordinary emulsions. 

A sheet of Azo number 5 paper was exposed to white 
light long enough to produce high developable density. It 
was then placed behind a negative and mounted in the 
box. After an exposure to the faint blue light of 30 days the 
paper was removed and developed. A very faint negative 
image appeared upon the paper indicating that the 
Herschel effect had been produced. 

JuLian M. BLAIR 

University of Colorado, 

December 16, 1932 


2 Jones and Hall, Proc. 7th Int. Cong. Phot., 115, 1928. 
3 Liippo-Cramer, Zeits. wiss. Phot. 25, 308 (1928). 

4 Liippo-Cramer, Zeits. wiss. Phot. 26, 249 (1929). 

> Mauz, Zeits. wiss. Phot. 26, 289 (1929). 

6 Kamada, Phot. Ind. 29, 1364 (1931). 





